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FOREWORD 


The  performance  requirements  of  modern  aircraft  have  intensified  our  need  to  understand  and  predict  the 
characteristics  of  three  dimensional  shear  flows,  particularly  attached  and  separated  boundary  layers.  These  characteristics 
differ  in  certain  essentials  from  those  of  two  dimensional  flow,  but  hitherto  our  predictive  methods  for  three  dimensional 
flow  s  have  been  simple  extensions  of  those  developed  for  two  dimensional  flows  and  involve  the  same  empiricisms. 
However,  it  has  become  increasingly  clear  that  we  need  additional  inputs  to  reflect  the  special  features  of  three  dimensional 
flow  s  if  our  prediction  methods  are  to  achieve  the  required  accuracy.  These  special  features  stem  from  the  presence  of  cross 
flows  and  streamwise  vorticity  in  three  dimensional  flows  as  well  as  spanwise  variations  of  initial  conditions.  These  have 
important  effects  on  the  transition  process  and  cm  the  growth,  decay  and  stability  of  turbulence,  with  consequent  effects  on 
the  characteristics  of  turbulent  shear  flow  s.  The  increasing  interest  in  the  control  of  turbulence  structures  to  reduce  skin 
friction  needs  to  be  widened  to  include  the  three  dimensional  factors. 

The  aims  of  the  Symposium  were  to  determine  the  trends  and  achievements  of  current  research  activities  in  these  areas 
and  to  highlight  the  problems  on  which  future  research  should  be  focussed. 

Modern  computing  facilities  and  techniques  have  made  it  possible  to  explain  the  stability  characteristics  of  laminar 
flows  by  direct  solution  of  the  time  dependent  Navier-Stokes  equations,  in  addition  to  the  more  classical  analytical  approach 
of  exploring  the  response  to  small  perturbations.  In  recent  years  there  has  been  increasing  work  along  these  lines,  revealing 
important  features  of  the  transition  process.  The  Symposium  included  seven  sessions  devoted  to  the  topic  of  transition,  and 
these  sessions  well  represented  the  current  state  01  the  art.  The  characteristics  ot  three  dimensional  turbulent  shear  flows 
were  dealt  with  in  five  sessions,  a  reflection  of  the  fact  that  here  much  more  experimental  work  is  needed,  and  the  effort 
devoted  to  this  difficult  topic  has  not  yet  reached  the  level  required.  However,  the  Symposium  has  served  to  define  the  main 
areas  calling  for  future  research,  and  it  should  be  very  helpful  in  stimulating  the  work  needed. 

*  *  * 


Face  aux  specifications  des  nouvcaux  aeronefs  nous  avons  de  plus  en  plus  besoin  de  comprendre  et  de  prevoir  les 
caracteristiques  des  ecoulements  de  cisaillement  tridimensionnels  et  des  couches  limites  attachees  et  decollees  en  particulier. 
Bien  que  ces  caracteristiques  presentent  certaines  differences  fondamentales  par  rapport  a  celles  des  ecoulements 
bidimensionnels,  les  methodes  jusqu'ici  utilisees  pour  leur  prevision  ont  consiste  en  des  simples  extensions  de  celles 
developpees  pour  les  ecoulements  bidimensionnels,  avec  les  memes  empirismes.  Or,  il  est  de  plus  en  plus  evident  que  des 
elements  complementaires.  qui  tiennent  compte  des  caracteristiques  specifiques  des  ecoulements  tridimensionnels,  sont 
necessaries  pour  atteindre  le  niveau  de  precision  requis  dans  nos  methodes  de  prevision.  Ces  caracteristiques  specifiques  ont 
pour  origine  la  presence  d  ecoulements  transversaux  et  de  tourbillons  dans  le  sens  du  flux  dans  les  ecoulements 
tridimensionnels,  ainsi  que  des  variations  des  conditions  initiales  dans  le  sens  transversal.  Ces  phenomenes  ont  des 
consequences  importantes  sur  1'evolution  de  la  transition  et  sur  1’evolution  de  1’amortissement  et  la  stabilite  des  tourbillons; 
lesquelles  influent  a  leur  tour  sur  les  caracteristiques  des  ecoulements  de  cisaillement  turbulents.  A  l'heure  actuelle,  la 
communaute  scientifique  manifeste  de  plus  en  plus  d'interet  dans  le  controle  des  structures  a  turbulence  pour  reduire  les 
frottements  de  plan,  mais  ce  domaine  doit  etre  elargi  pour  inclure  les  aspects  tridimensionnels. 

Le  symposium  a  eu  pour  objectif  d'identifier  les  tendances  generates  et  les  progres  realises  par  les  recherches  en  cours 
dans  ces  domaines  et  de  mettre  en  evidence  les  problemes  qui  doivent  etre  abordes  par  les  travaux  de  recherche  futurs. 

Les  moyens  et  les  techniques  informatiques  d’aujourd’hui  pv  ni«.  ttent  d'explorer  les  caracteristiques  de  la  stabilite  des 
ecoulements  laminaires  par  la  resolution  directe  des  equations  Na  Stokes  instationnaires,  en  plus  de  fapproche 
analytique,  qui  consiste  a  etudier  la  reponse  a  des  petites  perturbations.  De  plus  en  plus  d’etudes  ont  ete  consacrees  a  ces 
questions  au  cours  des  derniere  annees,  avec  pour  resultat  la  decouverte  de  plusieurs  caracteristiques  importantes  du 
processus  de  transition. 

Le  symposium  comprend  sept  sessions  consacrees  a  la  transition,  qui  refletent  bien  letat  de  fart  dans  ce  domaine.  Les 
caracteristiques  des  ecoulements  de  cisaillement  tridimensionnels  turbulents  sont  traitecs  en  cinq  sessions  ce  qui  demontre  la 
necessite  de  porter  les  efforts  sur  les  travaux  experimentaux  et  indique  que  les  efforts  consacres  a  cette  question  difficile 
rionl  pas  encore  atteint  le  niveau  souhaite. 

Neanmoins,  le  symposium  a  servi  a  definir  les  principales  voies  de  recherche  futures,  et  favorisera  sans  doute  le 
declenchement  des  travaux  en  question. 
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STABILITY  AND  TRANSITION  OF  THREE-DIMENSIONAL  BOUNDARY  LAYERS 

William  S.  Saric  and  Helen  L.  Reed 
Mechanical  and  Aerospace  Engineering 
Arizona  Stale  University 
Tempo,  Arizona  85287-6106 
USA 


SUMMARY 

The  most  recent  efforts  on  the  stability  and  transition  of  three-dimensional  flows  are  reviewed.  These  include  flows  over 
swept  wings,  rotating  disks,  and  attachment  lines.  The  generic  similarities  of  their  stability  behavior  is  discussed.  It  is  shown  that 
the  breakdown  process  is  very  complex,  often  leading  to  contradictory  results.  Particular  attention  is  paid  to  opposing 
observations  of  stationary  and  traveling  wave  disturbances. 


1.  INTRODUCTION 

1.1  Basic  Ideas 

The  process  of  the  breakdown  of  a  bounded  laminar  flow  is  three  dimensional  and  may  be  described  by  the  following 
simplified  discussion.  Disturbances  in  the  freestream,  such  as  sound  or  vorticity,  enter  the  boundary  layer  as  steady  and/or 
unsteady  fluctuations  of  the  basic  state.  This  part  of  the  process  is  called  receptivity  (Morkovin  1969,  1*977)  and  although  it  is  still 
not  well  understood,  it  provides  the  vital  initial  conditions  of  amplitude,  frequency,  and  phase  for  the  breakdown  of  laminar  flow. 
Initially  these  disturbances  may  be  too  small  to  measure,  and  they  are  observed  only  after  the  onset  of  an  instability.  The  type  of 
instability  that  occurs  depends  on  Reynolds  number,  wall  curvature,  sweep,  roughness,  and  initial  conditions.  The  initial  growth 
of  these  disturbances  is  described  by  linear  stability  theory.  This  growth  is  weak,  occurs  over  a  viscous  time  scale  (or  long  length), 
and  can  be  modulated  by  pressure  gradients,  mass  flow,  temperature  gradients,  etc.  As  the  amplitude  grows,  three-dimensional 
and  nonlinear  interactions  occur  in  the  form  of  secondary  instabilities.  Disturbance  growth  is  very  rapid  in  this  case  (now  over  a 
convective  time  scale),  and  breakdown  to  turbulence  occurs. 

When  considering  boundary-layer  flows  it  is  important  to  emphasize  that  the  understanding  of  the  transition  process  will 
only  come  from  the  consideration  of  three-dimensional  effects  in  the  stability  process  even  though  the  basic  state  may  be  one 
dimensional  and  the  primary  instability  may  be  two  dimensional.  Moreover,  the  nature  of  transition  is  critically  tied  to  the 
upstream  initial  conditions.  The  important  features  of  this  problem  for  one-  and  two-dimensional  basic  states  have  been  recently 
reviewed  by  Tani  (1981),  Reshotko  (1976,  1984a, b),  Mack  (1984),  Arnal  (1984),  Herbert  (1985,  1988),  Singer  ct  al.  (1986,  1987), 
and  Saric  ( 1985a, b,  1986). 

A  renewed  interest  in  problems  of  stability  and  transition  m  swept-wing  flows  has  developed  as  a  result  of  an  emphasis  on 
the  design  of  energy  efficient  airfoils;  sec,  for  example,  the  early  reports  of  Pfenninger  (1961,  1977a,b),  Hefner  &  Bushnell 
(1977),  Bushnell  &  Tuttle  (1979),  and  Runyan  &  George-Falvy  (1979)  and  the  more  recent  reports  of  Ecklund  &  Williams  (1981), 
Montoya  et  al.  (1981),  Harvey  &  Pride  (1982),  Pearce  (1982a, b),  Pearce  el  al.  (1982),  Tuttle  &  Maddalon  (1982),  Boeing 
Commercial  Airplane  Company  (1982,  1984),  Etchberger  (1983),  Hanks  et  al.  (1983),  Wagner  &  Fischer  (1983,  1984),  Douglas 
Aircraft  Company  (1984),  Holmes  (1984),  Runyan  et  al.  (1984),  Wagner  et  al.  'lpMy  Rohtrn  et  al.  fl°85),  Braslow  &  Fischer 
(1985),  Harvey  et  al.  (1985),  Hefner  (1985),  Holmes  et  al.  (1985).  Meyer  &  Jennctt  (1985),  Thomas  (1985),  Waggoner  et  al. 
(1985),  Wagner  et  al.  (1985),  Redeker  et  al.  (1986),  Pfenninger  et  al.  (1986,  1987,  1988),  Goradia  et  al.  (1987),  Harvey  (1987), 
and  Komer  et  al.  (1987),  and  Pfenninger  &  Vemuru  (1988).  These  flows  are  three  dimensional  in  nature  and  are,  of  course, 
subject  to  three-dimensional  instabilities.  As  recent  symposia  and  conferences  have  indicated,  there  is  far  more  current  interest  in 
these  problems  than  ever  before.  Therefore,  the  present  paper  concentrates  on  work  in  three-dimensional  boundary  layers  and 
update  the  status  of  the  new  work  in  this  area. 

1.2  Three-Dimensional  Boundary  Layers 

A  fully  three-dimensional  (3-D)  boundary-layer  flow  exhibits  instability  behavior  quite  that  is  different  from  that  of  the 
corresponding  two-dimensional  (2-D)  flow.  Of  particular  interest  are  the  stability  characteristics  of  these  3-D  flows  where 
inviscid  criteria  may  produce  a  stronger  instability  than  the  usual  Tollmien-Schlichting  waves.  Examples  of  3-D  flows  of  practical 
interest  include  swept  wings,  rotating  cones,  comers,  inlets,  and  rotating  disks.  It  appears  that  these  flows  exhibit  a  rich  variety  of 
stability  behavior  that  is  generic  to  3-D  boundary  layers.  A  consistent  characteristic  of  the  instabilities  is  the  presence  of 
streamwise  vorticity  within  the  shear  layer.  This  streamwise  structure  produces  a  strong  spanwise  modulation  of  the  basic  state 
that  gives  rise  to  secondary  instabilities.  The  reader  should  also  see  Kohama  (1987a,b),  who  makes  manv  of  the  same  points  in  his 
review  of  the  subject. 
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The  flow,  over  a  swept  wing  is  a  common  example  of  a  3-1)  Ixnindary  layer.  This  type  of  3-D  flow  is  susceptible  to  four 
s  ot  instabilities  that  lead  to  transition.  They  are  leading-edge  instability  and  contamination,  streamwise  instability, 
centrifugal  instability,  and  crossflow  instability.  Leading-edge  instability  and  contamination  occurs  along  the  attachment  line  and 
is  associated  either  with  a  basic  irt'  tability  of  the  attachment-line  flow  or  with  turbulent  disturbances  that  propagate  along  the  wing 
leading  edge  (Pfenmnger  1963a,  Poll  1979.  1984,  1985,  Hall  et  al.  1984,  Hall  &  Malik  ll*86).  Streamwise  instability  is  associated 
with  the  chordwise  component  of  flow  and  is  quite  similar  to  processes  in  2-D  flows,  where  Tollmien-Schlichting  (T-S)  waves 
generally  develop  (Mack  1984).  This  usually  occurs  in  zero  or  mild  positive  pressure-gradient  regions  on  a  wing.  Centrifugal 
instabilities  occur  in  the  shear  flow  over  a  concave  surface  and  appear  in  the  form  of  Gortler  vortices  (Floryan  &  Sane  1982;  Hall 
1983).  However.  Hall  (1985)  has  conclusively  shown  that  the  Gortler  vortex  instability  is  unimportant  in  the  concave  region  of 
swept  wings  when  the  angle  of  sweep  is  large  compared  to  Re  w.  This  situation  is  easily  realized  in  wings  of  moderate  sweep  and 
thus  one  would  expect  crossflow  or  T-S  breakdown  of  the  laminar  flow. 

The  excellent  review  papers  of  Mack  (1984),  Amal  (1984,  1986).  and  Poll  (1984)  contain  summaries  of  the  earlier  work. 
Mack  (1984)  is  a  monograph  on  stability  theory  and  is  the  primary  source  of  basic  information  on  the  subject.  Amal  (1984) 
concentrates  on  transition  prediction  in  2-D  flows  while  Poll  (1984i  covers  transition  woik  in  3-D  Hows.  The  recent  work  of 
Arnal  ( 1986)  is  an  extensive  review  of  transition  in  3-D  flows  and  as  such  is  complementary  to  the  material  covered  herein. 

In  this  paper,  attention  is  focused,  in  Section  2,  on  the  problems  of  flow  over  a  swept  wing  that  exhibits  crossflow 
instability.  Problems  of  rotating  disks  are  discussed  in  Sections  3.  Attachment-line  problems  are  important  for  wing-body 
geometries  and  are  reviewed  in  Sections  4  Cones,  spheres,  and  other  geometries  are  reviewed  in  Reed  &  Sarie  ( 1989)  and  T-S  and 
Gortler  instabilities  are  not  discussed  as  primary  instabilities  but  rather  only  in  terms  of  secondary  instabilities. 

2.  SWEPT-WING  FLOWS 

The  principal  motivation  for  the  study  of  3-D  boundary  layers  'oines  from  the  requirement  to  understand  the  mechanism  of 
transition  on  swept  wings,  for  which  the  early  challenge  for  aircraft  designers  was  the  need  to  achieve  laminar-flow  wings. 
Straightforward  success  was  achieved  with  suction  (e.g.  Braslow  &  Visconti  1950,  Braslow  et  al.  1951)  on  non-swept  wings, 
where  only  streamwise  instabilities  (T-S  waves)  are  present.  Gray  (1952)  contains  the  first  observations  that  the  transition  process 
on  a  swept  wing  is  remarkably  different  from  the  usual  streamwise  instabilities.  Thus,  the  topic  of  this  section  is  on  the  crossflow 
instability  that  occurs  in  strong  pressure-gradient  regions  on  swept  wings.  In  the  leading-edge  region  both  the  surface  and  flow 
streamlines  are  highly  curved.  The  combination  of  pressure  gradient  and  wing  sweep  deflects  the  inviscid-flow  streamlines 

inboard  (as  shown  by  Gregory  et  al.  1955)  in  a  manner  similar  to  that  shown  in  Figure  1.  This  mechanism  reoccurs  in  the 
pressure-recovery  region  near  the  trailing  edge.  Because  of  the  lower  momentum  fluid  near  the  wall,  this  deflection  is  made  larger 
within  the  boundary  layer  and  causes  crossflow,  i.e.  the  development  of  a  velocity  component  inside  the  boundary  layer  that  is 
perpendicular  to  the  local  inviscid-flow  velocity  vector.  This  profile  is  characteristic  of  many  different  3-D  boundary-layer  flows 
and  is  shown  schematically  in  Figure  2.  The  crossflow  profile  has  a  maximum  velocity  somewhere  in  the  middle  of  the  boundary 
layer,  going  to  zero  on  the  body  surface  and  at  the  boundary-layer  edge.  Figure  3  shows  quantitative  calculations  carried  out  by 
Reed  (1988)  of  local  streamwise  and  crossflow  velocity  profiles  in  the  3-D  boundary-layer  experiment  of  Saric  &  Yeates  (1985). 
Both  velocity  components  are  normalized  with  the  boundary-layer-edge  velocity.  The  value  of  Wm„  of  3%  is  typical  of  the  order 
of  magnitude  of  the  crossflow  velocity  in  both  wind-tunnel  and  flight  tests.  The  crossflow  profile  exhibits  an  inflection  point  (a 
condition  that  is  known  to  be  dynamically  unstable)  causing  so-called  crossflow  vortex  structures  to  form  with  their  axes  in  the 
streamwise  direction.  These  crossflow  vortices  all  rotate  in  the  same  direction  and  take  on  the  form  of  the  familiar  "cat’s  eye” 
structure  when  viewed  in  the  stream  direction  as  shown  in  Figaro  4  (Gray  1952,  Owen  ft  Randall  1952.  Gregory  et  al.  1955, 
Pfenninger  1977a).  This  streamline  pattern  is  contrasted  with  the  Gortler  vortex  structure,  also  shown  in  Figure  4.  In  Figure  5, 
Reed  (1988)  presents  an  actual  streamline  calculation  of  the  Saric  &  Yeates  (1985)  experiments.  This  spanwise  periodic  structure 
is  typically  of  the  order  of  the  boundary-layer  thickness. 

2.1  Historical  Perspective 

The  "flying  wing"  was  one  of  many  experimental  aircraft  produced  in  the  1940s  in  order  to  evaluate  high-speed  flight.  An 
example  of  this  type  was  the  Armstrong-Whitsworth  AW52.  Although  unyawed  wind-tunnel  tests  showed  laminar  flow  back  to 
60%  chord,  yawed  flight  tests  showed  turbulent  flow  from  the  leading  edge  on  both  the  upper  and  lower  surfaces  (Gray  1952).  In 
surveying  a  range  of  high-speed  aircraft.  Gray  concluded  that  "no  laminar  flow  is  present  on  normal  wings  of  any  appreciable  size 
and  speed  if  the  sweep  angle  exceeds  roughly  20’."  Using  sublimation  techniques  to  locate  transition,  Gray  discovered  closely 
spaced  stationary  streaks  in  the  local  flow  direction  in  tests  where  some  laminar  flow  was  present  near  the  leading  edge. 

The  discovery  of  the  crossflow  instability  is  thus  attributed  to  Gray  (1952)  and  interpreted  as  such  by  Owen  &  Randall 
(1952)  and  independently  by  Squire  (as  an  addendum  to  Owen  &  Randall  1952)  and  Stuart  (1953).  This  work  was  put  on  a  firm 
footing  in  the  classic  paper  of  Gregory  et  al.  (1955),  who  established  the  generality  of  the  results  for  3-D  boundary  layers  and 
presented  the  complete  disturbance-state  equations. 
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Owe"  <V  Raiul.ill  t  1052)  evaluated  crossflow  stability  and  transition  ehteriu  based  both  on  Gray  s  AW52  flight  results  and 
i>n  Anscomlv  A;  Ilhngsworth  1 1952)  wind-tunnel  data.  They  introduced  a  crossflow  RcsnoUts  number  Rn.  -  Wma„8|<yV  (based  on 
the  maximum  crossflow  velocity  and  the  boundary -layer  height  where  the  crossflow  velocity  is  l  Off  of  the  maximum)  as  the 
governing  parameter  and  reported  a  minimum  critical  crossflow  Reynolds  number.  <TirRn.  -  96,  in  the  front  part  of  the  swept 
wing.  Transition  w  •  .xated  a'  irons R,  (.  =  150  |l‘oll  (19X4)  discusses  the  details  of  this  correlation!.  Subsequently,  Allen  & 
Burrows  ( 195(0  .,  Burrows  (19501  conducted  flight  tests  with  untapered  swept  wings  and  found  qualitative  agreement  wilh 
Owen  A:  R  <  s  correlation.  These  pessimistic  results  painted  a  discouraging  picture  for  laminar  flow  control  on  swept  wings. 

I  he  development  ot  laminar  flow  control  (I  TO  on  swept  wings  and  the  control  of  spanwise  turbulent  contamination  along 
fl.e  front  attachment  line  of  swept  wings  are  the  result  of  work  done  by  Pfenninger  and  his  colleagues  (e.g.  Pfenninger  1977a, b). 
[’he  idea  at  the  time  following  the  British  work  in  the  early  I950's.  was  that  on  a  laminar  swept  wing  with  suction,  the  minimum 
critical  crossflow  Reynolds  number  may  be  exceeded  at  various  chord  wise  stations  bv  a  ratio  of  irunsRci-  to  cri/Rcr  similar  to  that 
of  Owen  &  Randall  ( 1 952 1  without  causing  transition.  The  chordwise  suction  distribution,  for  which  R<  (.  at  various  chordwise 
stations  is  some  fraction  higher  than  the  corresponding  local  cri/Ra.,  cun  then  be  determined  from  calculations  of  the  development 
and  stability  of  the  laminar  boundary  layer  on  sw  ept  w  ings  w  ith  suction  (Pfenninger  &  Bacon  1961).  We  know  now  that  critical- 
Reynolds-number  correlations  of  transition  are  nskv  and  can  be  misleading  J e.g.  Floryan  &  Saric  (19X3)  showed  that  suction 
stabilizes  the  integrated  growth  of  Gortler  vortices  but  it  lowers  the  minimum  critical  Gortler  number]. 

The  first  attempts  to  directly  integrate  Stuart’s  disturbance  equations  (Gregory  et  al.  1955,  Stuart  1953)  were  carried  out  by 
Brown  (Brown  Ac  Sayre  1954.  Brown  1955.  1959)  under  Pfenninger’s  direction.  For  no  suction.  Brown's  results  agreed  with 
Gray's  1 1952)  and  Owen  <fc  Randall’s  (1952)  AW52  results  near  the  leading  edge.  However,  under  the  assumption  of  laminar 
flow  the  calculations  (using  RaeU  1953a. b.  1957)  also  showed  considerably  higher  minimum  critical  Reynolds  numbers  for  the 
crossflow  in  the  region  of  the  rear  pressure  rise,  where  the  maximum  crossflow  velocity  occurs  relatively  closer  to  the  wing 
surface  or,  in  other  words,  the  second  derivative  of  the  crossflow  velocity  at  the  wall  has  larger  negative  values  than  in  the 
leading-edge  region  of  the  w  ing.  This  result  justified  the  use  of  suction  (control)  in  the  leading-edge  region  to  possibly  stabilize 
the  boundary  layer  there. 

Various  theoretical  suction  distributions  were  tried,  and  then  Brown's  results  were  tested  by  Pfenninger  and  his  coworkers 
in  a  series  of  experiments  with  suction  on  a  30’  swept  wing.  They  verified  full-chord  laminar  flow  with  the  theoretical  suction 
distribution  at  a  chord  Reynolds  number  ot  12  million  in  the  University  of  Michigan  tunnel  (Pfenninger  ct  al.  1957),  14  million  in 
the  NORAIR  tunnel  (Bacon  et  al.  1959)  and  29  million  in  the  NASA-Ames  12'  low-turbulence  tunnel  (Pfenninger  &  Bacon  1961, 
Gault  I960.  Bolt/  et  al.  1960a. b).  The  Michigan  and  NORAIR  results  represented  limits  of  the  facilities.  In  order  to  avoid 
excessive  crossflow  in  the  front  part  of  the  wing,  where  the  flow  is  strongly  accelerated,  an  increasing  amount  of  suction  (order  10 
'  based  on  freestream  speed)  was  assumed  in  this  area  with  increasing  wing-chord  Reynolds  numbers.  Relatively  weak  suction 
(order  10  J)  appeared  to  lx-  adequate  for  the  maintenance  of  laminar  flow  in  the  region  of  the  flat  pressure  distribution.  Much 
stronger  suction,  however,  was  chosen  in  the  region  of  the  rear  pressure  rise,  where  the  combination  of  a  comparatively  thick 
boundary  layer  with  large  spanwise  pressure  gradients  generally  causes  a  severe  boundary-layer  crossflow  on  a  swept  low-drag 
suction  wing  (Pfenninger  1957.  1961.  Pfenninger  &  Bacon  1961,  Pfenninger  &  Groth  1961).  With  this  first  successful  swept- 
wing  LFC  program,  Pfenninger  and  li is  group  thus  established  the  foundation  of  future  efforts  in  this  area.  See  Pfenninger  ( 1977a) 
for  a  collection  of  over  100  companion  references  of  technical  and  commercial  reports  on  LFC  efforts. 

2.2  Stability  and  Transition  Prediction 

For  parallel  3  1)  incompressible  flows.  Stuart  (Gregory  ct  al.  1955)  derived  the  3-D  linear  stability  equations  including 
boundary-layer  growth  and  streamline  curvature.  He  also  determined  a  transformation  reducing  the  3-D  temporal  problem  to  a  2- 
D  one.  For  flows  over  a  rotating  disk  and  a  swept  wing.  Brown  (1961a)  solved  these  equations  numerically.  An  excellent 
reference  giving  details  of  the  incompressible  parallel-stability  problem  formulatior  results  obtained,  and  physical  mechanisms 
involved  is  that  of  Mack  ( 19X4). 

In  the  past  10  years,  considerable  progress  has  been  achieved  in  calculating  the  stability  characteristics  of  3-D  flows.  The 
state-of-the-art  transition-prediction  method  still  involves  linear  stability  theory  coupled  with  an  eN  transition-prediction  scheme 
(Mack  19X4,  Poll  19X4),  where  N  is  obtained  by  integrating  the  linear  growth  rate  from  the  first  neutral-stability  point  to  a  location 
somewhere  downstream  on  the  hotly.  Thus  eN  is  the  ratio  of  the  amplitudes  at  the  two  points,  and  the  method  correlates  the 
transition  Reynolds  number  (based  on  freestream  speed  and  the  distance  from  the  leading  edge)  with  N.  This  method  was 
proposed  onginalty  by  Smith  &  Gamberoni  (1956)  and  Van  Ingen  (1956),  who  used  it  in  2-D  and  axisymmetric  flows  and  showed 
that  transition  occurs  when  N  approaches  10.  That  is,  the  amplitude  of  the  disturbance  at  transition  is  e'e  times  larger  than  the 
amplitude  at  its  initial  instability  le  g.  Jaffe  et  al.  1970,  Mack  1975.  1977,  1984,  Hefner  &  Bushnell  1979,  1980,  Bushnell  &  Malik 
1985,  Berry  et  al.  1987). 

Malik  &  Poll  (1984)  extend  the  incompressible  stability  analysis  of  3-D  flows,  analyzing  the  flow  over  a  yawed  cylinder, 
to  include  curvature  of  the  surface  and  streamlines.  They  show  that  curvature  has  a  very  stabilizing  effect  on  the  disturbances  in 


the  flow.  N  factor  calculations  are  compared  with  the  experimental  results  of  Pol  I  ( 1985)  and  good  agreement  is  shown  with  the 
transition  prediction  scheme.  They,  as  does  Reed  (1988),  also  find  that  the  most  highly  amplified  disturbances  are  traveling  waves 
rather  than  stationary  waves.  Here  again.  Malik  &  Poll  obtain  good  agreement  with  Poll’s  recent  experimental  work  in  which  a 
highly  amplified  traveling  wave  is  identified  around  1  kHz  near  transition.  (This  is  discussed  in  Section  2.3.)  Malik  &  Poll  obtain 
N  factors  between  1 1  and  1 2  for  the  fixed -frequency  disturbances  in  agreement  with  the  work  of  Malik  et  al.  ( 1981 )  on  the  rotating 
disk.  In  both  ca-  (the  disk  and  cylinder),  when  the  extra  terms  involving  curvature  and  Coriolis  effects  are  omitted  in  the 
stability  analysis,  the  N  factors  are  much  larger,  which  illustrates  the  need  to  do  the  realistic  stability  calculations.  Mack  (1984) 
and  Saric  (1985a)  review  this  area.  All  reports  indicate  that  the  ctossflow  instability  is  the  dominant  instability  in  pressure 
gradient  regions  of  swept  w  ings. 

As  pointed  out  in  Section  1.2,  Hall  (1985)  has  shown  through  an  asymptotic  analysis  that  the  Gortler  instability  is 
insignificant  in  the  concave  region  of  swept  wings  when  the  sweep  angle  is  large  in  comparison  with  Re-uf  Collier  &  Malik 
(1987)  make  linear  stability  calculations  for  stationary  disturbances  for  the  concave  lower-surface  leading-edge  region  of  a 
supercritical-airfoil  section.  Sweep  is  varied  as  a  parameter  in  the  study.  As  sweep  increases  the  maximum  amplification  rate 
decreases  and  the  Gcirtler  vortex  structure  disappears  when  the  crossflow  Reynolds  number  is  increased.  The  results  indicate  that 
for  non-zero  sweep  angles  disturbances  in  the  concave  region  are  predominantly  of  the  crossflow  type,  but  they  are  transformed 
into  weak  Gortler  type  vortices  as  the  pressure  gradient  becomes  favorable  and  the  crossflow  velocity  changes  direction. 
Moreover,  it  was  shown  that  the  curvature  terms  in  the  stability  analysis  have  a  destabilizing  effect  on  crossflow  instability.  When 
these  terms  are  excluded,  the  amplification  rates  were  shown  to  be  lower  by  at  least  33%.  Kohama  (1987c)  experimentally  studies 
the  transition  process  on  a  concave-convex  wall.  This  is  discussed  in  the  next  section  along  with  the  supporting  calculations  of 
Collier  and  Malik  ( 1987). 

As  far  as  transition  correlations  and  criteria  are  concerned,  in  a  prediction  scheme  based  on  limited  experimental  data, 
Beasley  (1973)  suggests  that  transition  occurs  when  the  crossflow  Reynolds  number  becomes  equal  to  150.  The  discussion  in  the 
next  two  paragraphs  addresses  recent  experiments  demonstrating  that  this  is  not  necessarily  the  case. 

Michel  et  al.  ( 1985a)  develop  transition  criteria  for  incompressible  two-  and  three-dimensional  flows  in  particular,  for  the 
case  of  a  swept  wing  with  infinite  span.  They  correlate  transition  onset  on  the  swept  wing  using  three  parameters:  a  Reynolds 
number  based  on  the  displacement  thickness  in  the  most  unstable  direction  of  flow',  the  streamwise  shape  parameter  (i.e.  the  ratio 
of  displacement  and  momentum  thicknesses),  and  the  external  turbulence  level.  They  simplify  the  problem  by  not  including 
curvature  effects  and  assuming  locally  parallel  flow.  Even  with  these  simplifications,  the  comparison  with  experiment  shows 
good  agreement. 

Transition  criteria  are  also  discussed  by  Amal  et  al.  (1984a,b)  and  Amal  &  Coustols  (1984).  Amal  et  al.  (1984b)  present 
three  different  criteria,  one  for  each  of  three  different  explanations  for  the  appearance  of  turbulence  in  3-D  boundary  layers 
(streamwise  instability,  crossflow  instability,  and  leading-edge  contamination),  and  relate  their  results  to  Boltz  et  al.  (1960b). 
They  also  discuss  the  experiments  of  Manie  &  Schmitt  (1978),  Schmitt  &  Manie  (1979)  and  Poll  (1978,  1979). 

Arnal  et  al.  (1985)  suggest  a  method  for  calculating  the  beginning  of  transition  as  well  as  the  transition  region  itself.  Their 
theory  includes  the  influence  of  sweep  angle  on  transition  and  discusses  laminanzation  by  wall  shaping  and  suction.  Michel  et  al. 
(1985b)  present  transition  criteria  based  on  stability  theory  for  streamwise  instability,  crossflow  instability,  and  leading-edge 
contamination.  They  use  an  intermittency-method  condition  and  a  mixing-length  scheme  to  calculate  the  transition  region  which 
has  the  advantage  over  a  sudden-transition  calculation  in  predicting  boundary-layer  thickness. 

2.3  Transition  Experiments 

The  current  experimental  work  of  Poll  (1985)  focuses  on  the  crossflow  instability.  He  shows  that  increasing  yaw  has  a 
very  destabilizing  effect  on  the  flow  over  a  swept  cylinder,  and  he  characterizes  the  instability  in  two  ways.  The  first  is  by  fixed 
disturbances  visualized  by  either  surface-evaporation  or  oil-flow  techniques.  These  disturbances  are  characterized  by  regularly 
spaced  streaks  aligned  approximately  in  the  inviscid-flow  direction,  leading  to  a  sawtooth  pattern  at  the  transition  location.  The 
second  way  is  with  unsteady  disturbances  in  the  form  of  large-amplitude  high-frequency  harmonic  waves  at  frequencies  near  1 
kHz.  At  transition  near  the  wall  surface,  he  obtains  these  unsteady  disturbance  amplitudes  that  are  greater  than  20%  of  the  local 
mean  velocity.  Initially  he  tries  to  use  two  parameters  to  predict  transition.  These  are  the  crossflow  Reynolds  number  and  a 
shape  factor  based  on  the  streamwise  profile.  However,  based  on  ’he  results  of  his  research,  Poll  finds  that  two  parameters  alone 
are  not  enough  to  predict  transition,  and  that  one  needs  at  least  three  parameters  to  accurately  describe  the  crossflow  instability. 

Michel  et  al.  (1985c)  present  some  very  good  experimental  results  on  the  crossflow  instability,  conducted  on  a  swept  airfoil 
model  [the  complete  details  of  the  experimental  setup  are  given  in  Coustols  (1983)].  By  surface-visualization  techniques  they 
show  regularly  spaced  streaks  that  are  aligned  practically  in  the  inviscid-flow  direciion,  with  a  sawtooth  pattern  near  the  transition 
area.  They  perform  hot-wire  measurements  on  the  stationary  waves  and  find  a  spanwise  variation  of  the  boundary  layer  before 
transition  that  becomes  chaotic  in  the  transition  region.  The  variations  are  damped  in  the  turbulent  region.  From  their  boundary- 
layer  measurements  Michel  et  al.  deduce  that  the  ratio  A/8  is  nearly  constant  and  equal  to  4,  where  \  is  the  spanwise  wavelength 
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and  S  is  the  physical  boundary-layer  thickness.  They  also  f.nd  a  small  peak  in  the  spectra  around  1  kHz  (like  Poll  1985),  which  is 
due  to  a  stream  wise  instability.  In  addition  to  this  they  provide  some  theoretical  work  on  the  secondary  velocities  and  show 
counterrotating  vortices  in  the  streamwise  direction.  However,  when  these  components  are  added  to  the  mean  velocities,  the 
vortices  are  no  longer  clearly  vis'ble. 

Kohatna  et  al.  (1987)  studied  the  3-D  transition  mechanism  in  a  swept-cylinder  boundary  layer  using  hot  wires  and  smoke. 
A  traveling  disturbance  appears  in  the  final  stages  of  transition  and  is  found  to  be  an  inflectional  secondary  instability  induced  by 
the  primary  crossflow.  The  appearance  of  secondary  ringlike  traveling  vortices  (onset  of  the  secondary  instability)  along  the 
crossflow  vortex  is  a  breakdown  of  the  crossflow  structure  observed  by  Kohama  (1987b).  Kohama  et  al.  (1987'  conclude  that  the 
sinusoidal  velocity  fluctuations  obtained  by  Poll  (1985)  in  the  later  stages  of  transition  correspond  to  this  secondary-instability 
motion. 

Kohama  (1986,  1987b)  proposes  that  the  "spike"  stage  in  3-D  boundary  layers  corresponds  to  his  concept  of  wavedoubling 
in  which  the  hot  wire  senses  the  low  velocity  fluid  that  is  swirled  up  and  blown  down  by  the  vortex  motion  into  the  high  velocity 
circumferential  flow.  According  to  this  theory,  in  the  spike  stage,  the  flow  has  not  yet  initiated  turbulent  motion;  rather,  it  is  a 
complicated  flow  field  in  which  two  different  instabilities  (see  previous  paragraph)  occur  simultaneously. 

Kohama  (1987c)  studies  the  transition  process  on  a  concave-convex  wall  typical  of  the  lower  surface  of  a  LFC  supercritical 
airfoil.  However,  the  pressure  distribution  through  the  concave  region  was  modified  by  tailoring  the  test-section  walls.  The  result 
was  a  "flat-top"  pressure  distribution  in  the  concave  region  which  delayed  transition  to  a  location  aft  of  the  concave  region.  Using 
hot-wire  and  smoke-wire  techniques  in  the  concave  region,  he  observes  the  Taylor-Gortler  instability  when  there  is  no  sweep.  In 
the  case  ot  a  sweep  angle  of  47°,  the  Taylor-Gortler  instability  is  observed  only  at  the  beginning  of  the  amplified  region.  These 
vortices  are  then  transformed  to  co-rotating  crossflow-type  vortices.  Intermediate  angles  are  not  tested.  In  contrast.  Collier  & 
Malik  (1987),  applying  stability  calculations  for  the  same  pressure  distribution,  report  that  the  Gonler-type  disturbance 
predominates  in  the  concave  zone  instead  of  the  crossflow  type  for  cases  of  large  sweep  angle.  This  difference  remains  to  be 
addressed. 

In  parallel  with  these  other  efforts,  a  large  LFC  experiment  is  being  conducted  in  the  NASA-Langley  8'  Transonic  Pressure 
Tunnel  on  an  advanced  supercritical  wing.  This  experiment  includes  suction  and  is  conducted  at  transonic  Mach  numbers  and 
flight  Reynolds  numbers.  With  the  objective  of  full-chord  laminar  flow,  it  is  a  test  bed  for  different  LFC  methods,  transition- 
measurement  techniques,  and  computer-code  validation.  When  completed  it  will  provide  valuable  LFC  design  data.  The  latest 
progress  in  this  work  is  reported  by  Harvey  (1987). 

Concurrently,  LFC  flight  tests  are  being  conducted  by  NASA-Langley  in  cooperation  with  the  major  airplane  companies. 
Again,  the  leading-edge  flight  tests  on  the  J ETSTAR,  the  variable-sweep  experiments  on  the  F-14,  and  the  wing-noise  survey  and 
natural  laminar  flow  (NLF)  glove  flight  tests  on  a  Boeing  757  (e.g.  Wagner  et  al.  1985)  will  provide  a  test-bed  for  different  LFC 
methods  and  computer-code  validation.  See  also  the  report  of  Holmes  et  al.  (1985),  for  example,  concerning  other  NASA  NLF 
flight  tests. 

The  design  of  modem  LFC  transports  depends  on  the  prediction  of  the  growth  of  the  various  characteristic  disturbances 
using  the  e'<  methou.  These  designs  are  being  carried  out  using  advanced  computer  codes  (e.g.  Bauer  et  al.  1972,  1975,  Kaups  & 
Cebeci  1977,  Caughey  1983,  Campbell  1987).  Typically,  the  upper  surface  of  the  2-D  airfoil  is  characterized  by  an  extensive 
supersonic  flat-pressure  region  preceded  by  a  leading-edge  negative  pressure  peak  and  followed  by  a  gradual  shock-free 
recompression  to  subsonic  flow  with  a  subsequent  rear  pressure  rise  of  the  Stratford  type  (e.g.  Pfenninger  1977a, b,  Allison  & 
Dagenhart  1978,  Pfenninger  et  al.  1980,  Powell  1982).  Consequently,  the  crossflow  instability  will  dominate  fore  and  aft,  while 
the  T-S  instability  affects  the  midchord  region.  Pfenninger  (1977a,b)  comments  that  the  classification  of  the  stability  problem  into 
independent  parts  is  physically  acceptable  as  long  as  different  strongly  amplified  disturbances  do  not  occur  simultaneously.  At 
this  time  there  is  no  suitable  criterion  for  establishing  transition  when  both  crossflow  and  T-S  waves  are  present.  For  the  lack  of 
anything  be*’  f„;  engineering  design,  a  linear  relationship  is  assumed  between  the  N-factors  for  steady  crossflow  transition 
(NcrJand  *'-5  msition  (Njs).  Usually  one  assumes 
NTs  =  12  -  (1.2)  Net- 

with  some  err  v  banc  ,,  as  a  transition  criterion  (Boeing  Commercial  Airplane  Company  1982).  Understanding  what  occurs  when 
both  cro’sfiow  i  -S  waves  coexist  is  necessary  and  this  is  discussed  further  in  Section  2.5. 

2.4  Role  of  Spanwise  Variations 

A  major  unanswered  question  concerning  swept-wing  flows  (besides  the  aforementioned  steady  I  unsteady  discrepa  xy 
between  theory  and  experiment)  is  the  interaction  of  crossflow  vortices  with  T-S  waves.  If  the  vortex  structure  continues  aft  into 
the  midchord  region,  where  T-S  waves  are  amplified,  some  type  of  interaction  could  cause  premature  transition.  In  fact,  the 
unsteadiness  at  transition  observed  by  Poll  (1985)  and  Michel  et  al.  (1985c)  could  be  due  to  this  phenomenon.  Indeed  early  LFC 
work  of  Bacon  et  al.  (1962)  shows  a  somewhat  anomalous  behavior  of  transition  when  sound  is  introduced  in  the  presence  of 
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crossflow  vortices.  Klebanoff  et  a).  (1962)  show  that  the  onset  of  three  dimensionality  is  quickly  followed  by  breakdown  of  the 
laminar  flows,  and  various  instabilities  have  been  found  to  interact.  These  interactions  have  been  reviewed  for  plane  channels  and 
boundary  layers  by  Herbert  (1986,  1988). 

It  is  well  known  that  streamwise  vortices  in  a  boundary  layer  strongly  influence  the  behavior  of  other  disturbances. 
Pfenninger  (1977a)  suggests  that  amplified  streamwise  vortices  produce  spanwise  periodicity  (three  dimensionality)  in  the 
boundary  layer  that  causes  resonance-like  growth  of  other  secondary  disturbances. 

A  series  of  analyses  in  1980  addressed  this  issue  of  the  destabilizing  nature  of  spanwise  periodicity.  Nayfeh  (1981)  shows 
that  Gortler  vortices  produce  a  double-exponential  growth  of  T-S  waves.  Herbert  &  Morkovin  (1980)  notes  that  the  presence  of 
T-S  waves  produces  a  double-exponential  growth  of  Gortler  vortices,  while  Floryan  &  Saric  (1984)  show  a  similar  behavior  for 
streamwise  vortices  interacting  with  Gortler  vortices.  Malik  (1986a)  gives  a  good  review  of  these  efforts  and  lays  the  groundwork 
for  the  more  general  attack  of  these  problems  using  complete  Navier-Stokes  solutions  to  account  for  secondary  distortion  of  the 
basic  state.  For  example,  Malik  in  his  computational  simulation  is  unable  to  find  the  interaction  predicted  by  Nayfeh  (1981). 
Srivastava  (1985)  in  a  calculation  similar  to  Nayfeh,  also  shows  growth  rates  lower  by  an  order  of  magnitude  than  those  predicted 
by  Nayfeh  (1981).  However,  in  a  recent  paper,  Nayfeh  (1987)  has  clarified  the  parameter  range  over  which  this  interaction  may 
occur.  The  T-S/Gortler  problem  has  been  examined  in  curved  channels  by  Hall  &  Bennett  (1986)  and  Daudpota  et  al.  (1987).  The 
latier  paper  is  a  weakly  nonlinear  analysis  and  a  Navier-Stokes  simulation  in  a  region  where  both  amplified  Gortler  vortices  and  T- 

5  waves  exist.  Daudpota  et  al.  show  that  four  types  of  interactions  are  possible  with  four  stationary  states  for  each  interaction. 
Relative  amplitude  conditions  are  given  for  each  type  of  interaction  and  final  state  configuration.  The  underlying  theme  of  all  of 
these  papers  is  the  strongly  destabilizing  nature  of  spanwise  variations  on  weakly  growing  2-D  waves. 

Reed  (1984)  analyzes  the  crossflow/T-S  interaction  in  the  leading-edge  region  by  using  a  parametric-resonance  model. 
She  shows  that  the  interaction  of  the  crossflow  vortices  with  T-S  waves  produces  a  double  exponential  growth  of  the  T-S  waves 
(the  wavelengths  predicted  for  the  given  conditions  chosen  are  larger  than  realistic  however,  again  indicating  the  need  for  more 
investigation).  In  a  more  recent  investigative  analysis,  Reed  (1988)  shows  a  crossflow/crossflow  interaction  that  is  responsible  for 
observations  in  the  experiments  of  Saric  &  Yeates  (1985).  The  results  of  Bacon  et  al.  (1962)  and  Reed  (1984,  1988)  clearly  show 
the  need  to  experimentally  study  problems  of  this  kind.  These  papers  are  discussed  later  in  the  context  of  the  results  from  Saric  & 
Yeates  (1985),  Nitschke-Kowsky  (1986),  Bippes  (1986),  Bippes  &  Nitschke-Kowsky  (1987),  Amal  &  Juillen  (1987),  and  Fischer 

6  Dallmann  (1987). 

2.5  Stability  Experiments 

Saric  &  Yeates  (1985)  established  a  3-D  boundary  layer  on  a  flat  plate  that  is  typical  of  infinite  swept-wing  flows.  This 
boundary  layer  is  established  by  the  use  of  a  swept  leading  edge  and  contoured  walls  to  produce  the  pressure  gradients.  The 
experimentally  measured  Cp  distribution  is  used  along  with  the  3-D  boundary-layer  code  of  Kaups  &  Cebeci  (1977)  to  establish 
the  crossflow  experiment  and  to  compare  with  the  theory.  Some  of  the  results  of  Saric  &  Yeates  (1985)  illustrate  that  not 
everything  is  as  it  should  be  in  3-D  boundary  layers  and  these  results  are  discussed  below. 

Boundary-layer  profiles  are  taken  at  different  locations  along  the  plate  with  both  slant-wire  and  straight-wire  probes. 
Reduction  of  both  the  straight-wire  and  slant-wire  data  at  one  location  produces  a  crossflow  profile  that  can  be  compared  with  the 
theory.  The  velocity  component  perpendicular  to  the  local  inviscid-flow  velocity  vector  is  called  the  crossflow  velocity.  By 
definition,  since  the  crossflow  profile  is  perpendicular  to  the  edge  velocity,  the  crossflow  velocity  is  zero  in  the  inviscid  flow. 

Disturbance  measurements  of  the  mean  flow  are  conducted  (Saric  &  Yeates  1985)  within  the  boundary  layer  by  making  a 
spanwise  traverse  (in  z,  parallel  to  the  leading  edge)  of  the  hot  wire  at  a  constant  y  location  with  respect  to  the  plate  (y  is  measured 
normal  to  the  plate  and  x  is  measured  in  the  chord  direction).  These  measurements  are  carried  out  at  many  different  x  and  y 
locations  using  two  different  freestream  velocities.  The  pressure  gradient  induced  on  the  plate  by  the  wall  bump  is  negative  from 
the  leading  edge  to  40%  chord,  with  the  measurements  taken  from  20%  to  40%  chord.  Typical  results  show  a  steady  vortex 
structure  with  a  dominant  spanwise  wavelength  of  approximately  5mm.  The  corresponding  spectrum  for  the  disturbance 
measurement,  shown  in  Figure  6,  reveals  a  sharp  peak  at  a  wavelength  of  about  5  mm,  but  it  also  shows  a  broad  peak  at  a  larger 
wavelength  of  10  mm,  generally  at  a  lower  amplitude.  The  cause  of  this  broad  peak  at  the  larger  wavelength  is  explained  by  the 
linear-theory  predictions  (Dagenhart  1981)  for  crossflow  vortices,  i.e.  the  most  amplified  disturbance  is  predicted  to  be  at  10  mm 
with  less  unstable  wavelengths  centered  about  it.  Not  only  does  the  5-mm  wavelength  disagree  with  the  theoretical  calculations,  it 
disagrees  with  the  flow-visualization  results  as  well. 

The  naphthalene  flow-visualization  technique  shows  that  there  exists  a  steady  crossliow  vortex  structure  on  the  swept  flat 
plate.  A  typical  photograph  of  the  surface  sublimation  pattern  is  shown  in  Figure  7.  The  streaks  of  disturbance  vortices  are  nearly 
equally  spaced  and  aligned  approximately  in  the  inviscid-flow  direction.  The  wavelength  of  the  vortices  is  on  the  scale  of  10  mm 
and  this  spacing  agrees  quite  well  with  the  calculated  wavelength  from  the  MARIA  code  (Dagenhart  1981),  as  discussed  before. 

The  apparent  incongruity  of  flow- visualization  wavelengths  at  10  mm  and  hotwire  spectral  peaks  at  5  mm  can  be  explained 
with  the  wave-interaction  theory  of  Reed  (1988)  using  the  actual  test  conditions  of  this  experiment,  Reed  shows  that  it  is  possible 
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for  a  parametric  resonance  to  occur  between  a  previously  amplified  (according  to  linear  theory)  5-mm  vortex  and  a  presently 
amplified  10- nun  vortex,  and  that  measurements  taken  near  the  maximum  of  the  crossflow  velocity  would  show  a  strong 
periodicity  of  5  mm.  This  interaction  theory  would  explain  the  hot-wire  results.  In  order  to  explain  the  flow-visualization  results, 
Reed  calculated  the  wall  shear  stress  under  resonant  and  nonresonant  conditions,  and  the  results  are  shown  in  Figure  8,  This 
calculation  shows  that  as  the  surface  material  sublimes,  the  10-mm  streak  would  appear  first  and  the  5-mm  peak  would  be  more 
difficult  to  observe.  Moreover.  Reed’s  streamline  calculations  (shown  in  Figure  9)  hint  that  the  5-mm  periodicity  is  dying  out  near 
the  wall  and  that  the  10-mm  periodicity  dominates  there.  These  phenomena  are  not  observed  by  Michel  et  al.  (1985c),  who  in  turn 
measure  phenomena  not  observed  by  Poll  or  Saric  &  Yeates.  Kohama  (1987a)  proposes  that  the  incongruity  seen  by  Saric  & 
Yeates  is  caused  by  the  hot  wire  beginning  to  measure  low-velocity  boundary-layer  flow  that  has  been  rotated  up  and  around  the 
vortex  axis.  However,  the  proposed  variation  of  the  hot-wire  signal  as  it  moves  downstream  (wave  doubling)  is  inconsistent  with 
the  sequence  seen  by  Saric  &  Yeates.  As  the  disturbances  develop  into  more  than  single  curled  vortices,  Kohama  proposes  that 
the  hot-wire  signal  should  begin  to  include  frequencies  of  higher  modes  and  should  periodically  disappear,  in  contrast,  the  5  mm 
spanwise  wavelength  seen  by  Saric  &  Yeates  persists  from  20%  chord  to  40%  chord  without  the  subsequent  appearance  of 
harmonics.  Finally,  unsteady  disturbances  were  observed  by  Saric  &  Yeates,  but  only  in  the  region  that  was  clearly  in  the 
transition  region  characterized  by  sawtooth  wedges  in  the  naphthalene  visualization. 

Two  important  points  need  to  be  emphasized.  First,  one  must,  whenever  possible,  use  multiple  independent  measurements. 
This  was  the  only  way  that  the  5-mm  and  the  10-mm  vortex  structure  could  be  reconciled.  Second,  the  steadiness  of  the  vortex 
structure  in  the  wind-tunnel  experiments,  in  contrast  to  the  unsteady  predictions  of  the  theory,  indicates  that  some  characteristic  of 
the  wind  tunnel  is  fixing  the  vortex  structure.  This  is  directly  analogous  to  the  biasing  of  the  K-type  secondary  instability  in 
channel  flow  (Singer  et  al.  1986,  1987). 

Nitschke-Kowsky  (1986)  finds  traveling  waves  in  the  initial  state  of  the  boundary  layer  on  a  swept  flat-plate  model  with  an 
imposed  negative  pressure  gradient.  The  measured  frequencies  are  accurately  predicted  by  linear  theory  as  the  most  amplified 
(Dallmann  1980,  Bieler  1986,  Bieler  &  Dalltnann  1987).  In  further  experiments,  Bippes  (1986)  and  Bippes  &  Nitschke-Kowsky 
( 1987)  find  that  the  traveling  waves  propagate  in  a  unique  direction  that  is  different  from  that  of  the  mean  flow  and  the  coexisting 
stationary  waves.  The  traveling  waves  are  found  to  originate  in  the  same  chordwise  location  as  where  the  crossflow  instabilities 
first  appear.  Initially,  only  the  frequency  range  can  be  established,  whereas  farther  downstream  the  direction  of  propagation  is 
determined.  Under  certain  conditions,  two  frequency  ranges  are  amplified  and  propagate  in  different  directions. 

Arnal  &  Juillen  (1987)  describe  the  recent  transition  studies  at  ONERA/CERT-in  particular,  the  hot-wire  and  hot-film 
measurements  on  two  different  swept-wing  configurations.  Crossflow  vortices  are  visualized  with  characteristics  in  agreement 
with  linear  stability  theory.  Traveling  waves  are  observed,  but  only  in  the  nonlinear  range  prior  to  transition.  In  further  work, 
Arnal  and  Juillen  study  interactions  between  crossflow  and  streamwise  instabilities.  Small-amplitude,  high-frequency  oscillations 
are  found  superposed  on  the  crossflow.  Other  work  reported  includes  the  development  of  transition  criteria  including  the  effects 
of  freestream  turbulence. 

What  we  see  from  independent  work  at  three  different  facilities  is  that  there  is  no  rule  regarding  the  appearance  of  steady 
or  unsteady  crossflow  vortices.  The  wavedoubling  of  Saric  &  Yeates  (1985)  was  not  observed  elsewhere.  Perhaps  some  very 
weak  freestream  vorticity  or  roughness  is  providing  the  fix  for  the  crossflow  vortex  structure.  Certainly  the  unsteadiness  that  is 
observed  by  everyone  just  prior  to  transition  is  due  to  a  secondary  instability.  Perhaps  some  guidance  in  this  area  can  come  from 
extensions  of  the  work  of  Reed  (1984,  1988),  Malik  (1986a),  and  Fischer  &  Dallmann  (1987).  All  of  this  serves  notice  that 
stability  and  transition  phenomena  are  extremely  dependent  on  initial  conditions. 

2.6  Interaction  Theory 

To  analytically  model  the  unsteady  crossflow  instability  and  interactions,  a  3-D  analysis  based  on  small-disturbance  theory 
and  Floquet  theory  is  used.  The  undisturbed  state  consists  of  the  leading-edge  boundary-layer  flow  over  a  swept  wing  with  wall 
mass  and  heat  transfer,  the  solution  of  which  is  provided  by  the  code  of  Kaups  &  Cebeci  (1977). 

The  linear  disturbance  equations  governing  the  shape  and  variation  of  the  crossflow  vortices  tire  solved  with  the  normal¬ 
mode  assumption.  In  particular,  the  eigenvalue  problem  provides  the  dispersion  relation  relating  frequency  to  streamwise  and 
spanwise  wave  number.  For  crossflow  vortices  the  wave  angle  <j>  =  tan  1  (PVr  /  avr)  is  a  few  degrees  less  than  90’  with  respect  to 
the  local  freestream  direction.  (Here,  (avr ,  Pvr)  is  the  real  part  of  the  (chordwise,  spanwise)  component  of  the  crossflow  wave 
number  vector  (otv  ,  pv)  l  The  condition  that  the  group  velocity  be  real  is  also  satisfied.  A  collocation  method  employing 
Chebyshev  polynomials  is  used  to  solve  the  eigenvalue  problem.  In  our  analysis,  u1  rteady  crossflow  vortices  with  frequency  cuv 
are  found  to  be  most  unstable. 

The  growth  of  secondary  instabilities  in  the  presence  of  finite-amplitude  Av  ,  unsteady  crossflow  vortices  is  considered  in 
a  study  of  parametric  resonance.  Two  infinitesimal-amplitude  At  ,  oblique,  traveling,  harmonic  waves  are  superposed  onto  the 
basic  state  (that  is,  the  undisturbed  3-D  boundary-layer  flow  with  a  superposed  flow  corresponding  to  unsteady  streamwise 
vortices).  For  finite-amplitude  crossflow  disturbances,  it  is  assumed  that  0(AT)  <  O(Av)  <  0(1),  nonlinear  distortion  of  the 


vortices  is  neglected,  variation  of  crossflow  wave  amplitude  is  ignored,  and  Floquet  theory  is  applied.  The  almost  periodic  form 
of  the  basic  state  allows  normal-mode  solutions  for  the  secondary  instability.  The  quantities  oq,  P„  C0j,  i=l,2  are  the  chordwise 
wavenumber,  spanwise  wavenumber,  and  frequency  of  the  two  waves,  respectively.  For  resonance  then  a)t  =  avr  +  CI2,,  pi,  =  fivr 
+  and  d)lr  =  0)vr  +  (thr- 

Results  in  the  leading-edge  region  of  a  swept  wing  and  for  the  experimental  conditions  above  (Saric  &  Yeates  1985) 
indicate  a  crossflow/crossflow  interaction,  that  is,  the  primary  unsteady  crossflow  vortices  in  the  basic  state  interact  with 
secondary  disturbances  of  half  the  primary  wavelength.  Moreover,  the  wave  angle  associated  with  the  amplified  secondary 
disturbances  is  also  in  the  crossflow  direction  (Reed  1988).  These  findings  along  with  calculations  of  wall  shear  stress  (Reed 
1988)  explain  the  anomalies  in  the  experiments  of  Saric  &  Yeates  (1985).  The  theory  is  also  supported  by  the  NavieT-Stokes 
calculations  of  Malik  (1986a)  who  shows  a  wave  doubling  in  the  rotating-disk  problem. 

Fischer  &  Dallmann  (1987)  apply  a  theory  of  secondary  instability  by  Floquet  methods  to  flow  over  a  swept  wing. 
Considering  a  primary  zero-frequency  disturbance  of  sufficient  amplitude,  they  find  that  secondary-disturbance  oblique  waves 
become  dominant  and  possibly  play  an  important  role  in  the  transition  process.  For  3-D  boundary-layer  flow,  the  higher 
harmonics  of  the  fundamental  secondary  waves  have  a  more  significant  influence  on  the  numerical  eigensolutions  than  for  2-D 
Blasius  flow. 

fn  addressing  other  types  of  problems  involving  3-D  boundary  layers,  Lekoudis  (1980)  confirms  the  existence  of  a  resonant 
triad  on  a  swept  wing  consisting  of  three  unsteady  crossflow  modes.  However,  the  interaction  coefficients  and  amplitudes  of  the 
interacting  waves  were  not  calculated.  For  the  leading-edge  region  of  an  infinite  swept  wing,  El-Hady  (1988)  studies  the  spatial 
evolution  of  different  resonant  triads  consisting  of  traveling  crossflow,  stationary  crossflow,  vertical  vorticity,  and  T-S  modes. 
Detuning  parameters  are  used  and  non-parallelism  is  taken  into  account.  For  traveling  crossflow  modes,  he  finds  that  a  strong 
resonance  may  amplify  a  second  harmonic  or  a  subharmonic,  depending  on  initial  amplitudes  and  phase  spectra.  For  a  vertical 
vorticity  mode  interacting  with  two  crossflow  modes,  he  finds  the  vorticity  mode  to  be  highly  unstable.  For  two  traveling- 
crossflow  modes  and  one  stationary-crossflow  mode,  he  finds  strong  amplification  of  the  traveling  modes.  For  two  T-S  modes 
and  one  stationary-crossflow  mode,  he  finds  strong  amplification  of  the  T-S  modes,  accompanied  by  a  reduction  in  vortex 
amplitude,  when  the  initial  amplitudes  are  small  (<0.01  %).  However,  higher  values  of  the  initial  T-S  amplitude  weaken  the 
interaction,  and  thus  we  conclude  that  this  combination  cannot  be  important. 

2.7  Navier-Stokes  Computations 

Direct  numerical  simulations  play  an  increasingly  important  role  in  the  investigation  of  transition;  the  literature  is  growing, 
especially  recently  (e.g.  Fasel  1980,  Orszag  &  Kells  1980,  Kleiser  &  Schumann  1984,  Spalart  &  Yang  1986,  Singer  et  al.  1986, 
1987,  Hussaini  &  Zang  1987).  Previous  investigators  have  shown  that  this  technique  is  not  only  feasible  and  an  attractive 
complement  to  experiments,  but  that  it  is  also  informative  because  it  is  possible  to  have  complete  control  of  both  initial  and 
boundary  conditions. 

In  such  simulations,  the  full  Navier-Stokes  equations  are  solved  directly  by  employing  numerical  methods,  such  as  finite- 
difference  or  spectral  methods.  The  direct-simulation  approach  is  widely  applicable,  since  it  avoids  many  of  the  restrictions  that 
usually  have  to  be  imposed  in  theoretical  models.  From  recent  developments  (as  described  in  previous  sections),  it  is  apparent  that 
linear  stability  theory  suffers  significantly  from  this;  the  discrepancies  between  theory  and  experiment  (i.e.  steady  versus  unsteady; 
the  role  of  interactions;  the  role  of  roughness,  curvature,  and  freestream  disturbances)  are  unexplainable  for  crossflow.  It  appears 
that  stability  theory  is  not  well-posed,  and  therefore  it  would  be  unwise  to  use  it  for  sensitive  design  at  present.  Predicted  N- 
factors  can  range  from  small  to  large  for  a  given  configuration  depending  on  the  version  of  the  theory  used.  The  questions  prosed 
above  must  be  addressed  by  computational  simulations.  In  this  approach,  in  contrast  to  linear  stability  theory,  no  restrictions  with 
respect  to  the  form  or  amplitude  of  the  disturbances  have  to  be  imposed  because  no  linearizations  or  special  assumptions 
concerning  the  disturbances  have  to  be  made.  Furthermore,  this  approach  allows  the  realistic  treatment  of  the  space-amplified 
disturbances,  and  no  assumptions  have  to  be  made  concerning  the  basic  flow  (such  as  that  the  flow  be  parallel).  The  basic  idea  of 
this  method  is  to  disturb  an  established  basic  flow  by  forced,  time-dependent  perturbations.  Then  the  reaction  of  this  flow  (that  is, 
the  temporal  and  spatial  development  of  the  perturbations)  is  determined  by  the  numerical  solution  of  the  complete  Navier-Stokes 
equations 

Reed  &  Lin  (1987)  are  developing  a  computational  method  for  the  simulation  of  the  process  of  laminar-turbulent  transition 
in  the  leading-edge  region  of  an  infinitely  long,  swept  wing.  The  existence  of  such  a  method  will  provide  a  tool  enabling 
computation  to  complement  experimental  contributions  furthering  our  understanding  of  the  physics  of  these  flows,  and  ultimately 
it  will  aid  in  the  prediction  and  modeling  of  these  flows. 

2.8  Summary 

Detailed  crossflow  stability  experiments  are  few  in  number,  the  most  recent  work  is  that  reviewed  in  Section  2.5.  Basic 
research  is  still  required,  as  the  nature  of  crossflow  vortices  is  not  completely  understood  at  this  point.  Pertinent  unanswered 
questions  and  puzzles  include  the  following:  For  a  given  flow  configuration  (that  is,  Reynolds  number,  Mach  number,  sweep 
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angle,  disturbance  amplitude  level,  etc.),  what  range  of  3-D  disturbances  is  most  unstable  and  what  kind  of  interactions  between 
disturbances  are  possible?  What  are  the  mechanisms  involved  in  the  interactions?  For  some  flow  conditions  (e.g.  leading  edge 
flows),  are  theory-predicted  unsteady  disturbances  possible  in  an  experimental  environment,  or  is  there  a  selection  mechanism 
peculiar  to  each  facility  that  forces  the  disturbances  to  be  steady?  Is  3-D  theory  well-posed  and,  if  so,  are  growth  rates  and 
wavelengths  accurately  predicted?  When  interactions  are  involved,  how  do  3-D  disturbances  propagate  (group  velocity  ratio, 
initial  conditions?):  how  does  one  compute  amplification  factors?  What  are  the  effects  of  compressibility,  curvature,  and 
nonparallelism  on  3-D  disturbances?  How  are  transition  phenomena  in  three  dimensions  related  to  the  formation  of  3-D  structures 
in  2-D  boundary-layer  transition?  In  3-D  experiments,  how  does  one  introduce  controlled  3-D  disturbances?  All  of  these 
questions  are  important  because  the  design  of  modern  LFC  airfoils  depends  on  the  accurate  prediction  of  disturbance  growth.  For 
instance,  natural-laminar-flow  (NLF)  airfoils  are  particularly  susceptible  to  the  crossflow  instability  because  of  their  dependence 
on  pressure-gradient  tailoring  for  transition  delay.  Furthermore,  passive  controls  such  as  suction  (e.g.  Saric  1985b),  are  known  to 
be  more  effective  in  controlling  the  familiar  T-S  instability  than  crossflow  owing  to  the  different  natures  of  the  instabilities 
(viscous  versus  inflectional).  Consequently,  accurate  control-system  power  requirements  can  be  determined  and  optimized  only 
after  the  nature  of  the  instability  is  fully  understood. 

3.  ROTATING  DISK 

A  model  problem  exhibiting  the  same  rich  variety  of  instabilities  as  the  swept  wing  is  the  rotating  disk.  As  the  disk  spins, 
the  flow  moves  axially  toward  the  disk,  a  3-D  boundary  layer  builds  up  on  the  surface,  and  the  fluid  is  cast  off  'he  edge  like  a 
centrifugal  pump.  The  boundary  layer  is  of  constant  thickness,  allowing  simpler  applications  of  theory,  experiment,  and 
computations.  Much  of  our  knowledge  of  crossflow  has  and  will  continue  to  develop  from  study  of  the  disk. 

Defining  a  Reynolds  numoer  by  (r2  fl  /  v)l/2,  where  r  is  the  local  radius,  £2  is  the  angular  speed,  and  v  is  the  kinematic 
viscosity,  the  experimental  critical  value  below  which  all  small  disturbances  dampen  has  been  reported  anywhere  between  280  and 
530  for  vortices  observed  with  e  =  14”.  Federov  et  al.  (1976)  reported  a  Reynolds  number  range  of  182  to  242  for  their  e  =  20' 
vortices.  Kobayashi  et  al.  (1980)  and  Malik  et  al.  (1981)  found  critical  Reynolds  numbers  of  297  and  294,  respectively,  using  hot 
wires.  Differences  in  surface  roughness  and  detection  technique  (hot  wire,  flow  visualization,  acoustic  detection)  among 
experiments  are  believed  responsible  for  this  variation  in  the  reports.  As  pointed  out  by  Wilkinson  &  Malik  (1985),  "the 
discrepancy  between  the  values  of  critical  Reynolds  number  obtained  from  hot-wire  studies  and  the  earlier  relatively  high  values 

(400)  obtained  by  visual  techniques  clearly  results  from  the  insensitivity  of  the  visual  techniques  to  very  small  disturbances." 
Transition  then  is  reported  to  occur  anywhere  between  500  and  560. 

Wilkinson  &  Malik  (1983,  1985)  fixed  the  vortex  position  close  to  the  disk  center  by  a  single  roughness  element  (see  the 
schematic  in  Figure  11)  and  showed  that  steady  wave  patterns  emanate  from  point  sources  on  the  disk.  [See  the  discussion  of 
Mack  (1985)  below.]  They  observed  stationary,  secondary  instabilities  between  the  primary  vortices  in  the  final  stage  of 
transition.  The  measured  amplification  rate  for  the  wave  packet  from  initiation  to  breakdown  was  approximately  N  =  9.  In 
addition,  the  transition  Reynolds  number  was  between  543  and  556  for  the  clean  disk  and  between  521  and  530  for  the  disk  with 
the  roughness  element. 

Moreover,  the  hot-wire  measurements  of  Wilkinson  &  Malik  (1983,  1985)  show  the  critical  Reynolds  number  to  be  around 
280.  This  is  in  disagreement  with  the  linear  stability  analyses  of  Brown  (1961a, b)  and  Cebeci  &  Stewartson  (1980)  for  which  the 
value  is  170.  Early  linear  stability  analyses  do  not  account  for  curvature  effects  and  consequently  are  not  able  to  predict  the 
experimental  results.  When  these  effects  are  included  in  a  spatial  analysis  (Malik  et  al.  1981),  the  predicted  Reynolds  number  is 
287,  in  good  agreement  with  experiment.  In  an  independent  temporal  analysis  including  curvature  terms.  Kobayashi  et  al.  (1980) 
find  a  value  of  261. 

For  the  rotating  disk,  Malik  et  al.  (1981)  calculate  temporal  eigenvalues,  which  they  convert  to  spatial  eigenvalue  by  using 
a  group-velocity  transformation  (Gaster  1962).  They  then  calculate  N-factors  using  the  real  part  of  the  group  velocity,  include 
curvature  and  show  that  streamline  curvature  and  Coriolis  forces  have  a  very  stabilizing  effect  on  disturbances  and  they  obtain  an 
N-factor  of  approximately  1 1  in  the  transition  correlation  scheme,  which  seems  quite  reasonable  and  matches  the  N-factors  of  2-D 
flows  for  transition.  When  the  extra  terms,  involving  curvature  and  Coriolis  effects,  were  omitted  from  the  stability  analysis,  the 
N-factors  were  much  larger  (on  the  order  of  20)  and  initially  placed  doubt  on  the  validity  of  the  transition  prediction  method. 
Malik  et  al.  also  show  that  for  the  rotating  disk,  when  curvature/Coriolis  effects  are  included,  traveling  disturbances  with  slightly 
negative  frequency  or  phase  velocity  produce  the  highest  amplification  rates,  in  agreement  with  the  results  of  Cebcci  &  Stewartson 
(1980),  and  they  conclude  that  these  can  be  neglected  on  physical  grounds  in  favor  of  stationary  modes.  According  to  Malik  el  al., 
for  rotating  disks  there  is  no  discrepancy  between  theory  and  experiment  regarding  steadiness  or  unsteadiness  being  characteristic 
of  the  most  amplified  disturbance.  However,  Mack  (1985)  finds  traveling  waves  to  have  higher  amplification  rates  than  stationary 
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Malik  ( 1986b)  calculates  the  neutral  curve  more  accurately  for  stationary  disturbances  by  including  the  effects  of 
streamline  curvature  and  Coriolis  forces.  He  finds  the  minimum  critical  Reynolds  number  of  285.36,  in  agreement  with  the  results 
of  Malik  et  al.  (1981),  and  a  vortex  angle  of  1 1.4*  at  the  critical  point.  He  also  notes  a  second  minimum  on  the  lower  branch.  The 
associated  vortex  angle  is  19.45",  similar  to  that  of  Federov  et  al.  (1976).  The  upper  branch  can  be  associated  with  the  asymptotic 
solution  of  Stuart  (Gregory  et  al.  1955);  the  lower  branch  is  associated  with  the  wave  angle  corresponding  to  the  direction  of  zero 
mean  wall  shear.  As  pointed  out  by  M.R.  Malik  (personal  comn .unication,  1987),  a  possible  explanation  of  the  Federov  et  al. 
experiment  may  be  provided  if  subcritical  finite-amplitude  instability  is  possible  along  the  lower  branch  (e  =  20*)  and  the 
bifurcation  is  supercritical  along  the  upper  branch  (e  -  1 1.4‘). 

Hall  (1986)  investigates  stationary  instabilities  asymptotically.  He  finds,  in  addition  to  the  "inviscid  mode  found  by 
Gregory  et  al.,"  a  "stationary  short-wavelength  mode"  whose  structure  is  "fixed  by  a  balance  between  viscous  and  Coriolis  forces 
and  cannot  be  described  by  an  inviscid  theory."  His  procedure  takes  nonparallel  effects  into  account.  He  finds  good  agreement 
with  Malik  (1986b)  in  the  high-Reynolds-number  limit  and  concludes  that  his  theory  could  be  a  useful  tool  in  finding  structures  in 
general  3-D  boundary  layers. 

It  is  pointed  out  by  Morkovin  (1983,  1988)  that  china  clay,  naphthalene,  and  roughness  would  tend  to  "favor  fixed,  steady 
patterns  over  regular  and  irregular  moving  patterns."  A  major  contribution  to  the  understanding  of  the  rotating-disk  flow  is  that  of 
Mack  (1985),  who,  following  Gaster  (1975),  studied  the  stability  characteristics  of  these  vortices  theoretically  by  assuming  a 
white- spectrum,  zero- frequency  source  distribution  over  Wilkinson  &  Malik’s  (1983,  1985)  area  of  roughness.  He  then  let  the 
disturbance  differential  equations  filter  and  amplify  the  spectrum  into  a  wave-interference  pattern  that  turns  out  to  be  very  similar 
to  the  pattern  observed  by  Wilkinson  &  Malik.  The  critical  Reynolds  number  predicted  again  depends  on  whether  or  not  curvature 
is  included.  With  curvature,  a  value  quite  close  to  287  is  found,  and  the  detailed  characteristics  of  the  results  are  in  excellent 
agreement  with  experiment.  Figure  12  shows  a  comparison  between  the  experimental  hot-wire  traces  of  Wilkinson  &  Malik  and 
the  computations  of  Mack  around  the  rotating  disk.  The  details  of  the  wave  packet  formed  behind  the  roughness  element  are 
shown  to  be  quantitatively  similar.  The  significant  conclusion  from  this  work  is  that  surface  roughness  (even  the  smallest  of 
panicles)  appears  to  be  a  strong  forcing  agent  for  streamwise  vorticity  fueling  the  crossflow,  whereas  other  effects  such  as 
freestream  vorticity  do  not  seem  to  be  as  crucial  (Morkovin  1983,  1988).  Various  wave  patterns  merge  together  and  form  the 
pattern  seen  in  flow  visualization.  The  pattern  is  "the  result  of  the  superposition  of  the  entire  spectrum  of  normal  modes  of  zero 
frequency,  both  amplified  and  damped"  (Mack  1985). 

In  an  experiment  using  hot  wires  and  companion  flow  visualization,  Kohama  (1987d)  finds  disagreement  with  the 
statement  of  Malik  et  al.  (1981)  that  the  number  of  vortices  (n)  is  a  function  of  rotation  Reynolds  number  that  increases  linearly. 
He  reports  only  a  very  slight  increase  in  n  that  does  not  agree  with  the  formula  provided  by  Malik  et  al.  With  a  trip  wire  inserted, 
he  also  finds  that  the  flow  is  fully  turbulent  outboard  of  the  wire.  M.R.  Malik  (personal  communication,  1987)  points  out  that 

the  theory  (Malik  et  al.  1981)  gives  that  the  azimuthal  wavenumber  P  does  not  vary  appreciably  with  R.  Now,  if 
one  assumes  that  the  vortices  fill  the  entire  circumference  of  the  disk  at  all  radii  then,  using  n  =  p  R  (which  is  a 
definition  and  not  an  assumption)  and  constant  P,  one  finds  that  n  has  to  vary  with  R  in  contrast  with  the  prevailing 
belief  at  the  time  that  n  is  constant  at  all  radii  and  at  best,  it  can  take  quantum  jumps  such  as  doubling  the  number. 
However,  the  question  of  the  number  of  vortices  was  made  clear  by  the  Wilkinson-Malik  disk  experiment.  There, 
it  was  found  that  the  disturbances  develop  in  the  form  of  wedge-shaped  wavepackets  (or  patterns).  Below  about  R 
=  350,  the  entire  circumference  is  not  filled  up.  There  are  3-4  packets  and  within  each  packet  the  number  of 
vortices  increases  with  Reynolds  number.  At  R  >  350  all  the  packets  have  merged  and  fill  up  the  entire 
circumference.  Some  adjustment/interference  near  the  edges  of  the  wavepackets  takes  place.  The  number  of 
vortices  in  this  region  (R  >  350),  therefore,  will  depend  upon  details  such  as  the  number  of  packets  to  begin  with 
and  the  location  of  their  origins.  Linear  theory  with  most  amplified  normal  mode  only  can  be  expected  to  give  no 
more  than  the  dominant  features  of  the  flow  and  the  details  will  have  to  come  from,  at  the  least,  a  wavepacket 
analysis  of  the  form  used  by  Mack  (1985).  In  this  analysis  multiple  wavepackets  must  be  treated  whose  origins  will 
have  to  be  known  and  the  relative  source  strength  may  also  matter.  The  notion  of  constant  number  of  vortices  is 
certainly  not  correct.  This  appears  to  have  come  from  the  visualization  techniques  which  could  only  pick  up  the 
later  stages  of  development  of  the  spiral  vortex  structure. 

Concerning  the  study  of  nonlinear  stability  and  interactions  of  waves  on  the  rotating  disk,  Malik  (1986a)  used  a  Fourier- 
Chebyshev  spectral  method  in  a  Navier-Stokes  simulation.  He  was  able  to  find  the  crossflow/crossflow  (second  harmonic) 
interactions  similar  to  those  predicted  by  Reed  (1988)  and  found  experimentally  by  Saric  &  Yeates  (1985)  in  swept-wing  flows. 
Itoh  (1985)  predicts  the  same  for  the  disk  in  an  independent  study  using  weakly  nonlinear  theory.  In  an  experimental 
investigation,  Kohama  (1984,  1987a,d)  finds  ringlike  vortices  on  the  surface  of  each  spiral  vortex.  These  disturbances  look  like 
waves  in  the  beginning  and  then  develop  into  corotating  vortices  as  they  travel  along  the  spiral  vortex. 

Some  puzzles  remain  to  be  solved  regarding  rotating-disk  stability.  Experimenters  have  found  different  spiral  angles, 
critical  Reynolds  numbers,  and  number  of  vortices  around  the  disk.  The  theory  of  Itoh  (1985)  based  upon  the  Orr-Sommerfeld 
equation  suggests  a  wide  range  of  wave  numbers  with  positive  amplification  rates.  The  rotating-disk  experiments  of  Federov  et  al. 
(1976)  show  vortex  spirals  at  angles,  spacings,  and  Reynolds  numbers  not  given  by  any  linear  theory.  Moreover,  traveling  waves 
(not  observed  experimentally)  have  higher  amplification  rates  than  stationary  waves  according  to  theory,  roughness  appears  to 
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play  some  kind  of  major  role,  and  the  importance  of  secondary  instabilities  is  unclear.  More  basic  research  is  obviously  required 
for  complete  understanding. 

4.  ATTACHMENT-LINE  STABILITY 

Figure  13  shows  a  schematic  of  the  flow  near  the  leading  edge  of  a  swept  wing.  The  line  in  the  span  wise  direction  along 
which  the  flow  splits  over  and  under  the  wing  is  called  the  attachment  line  and  is  part  of  the  dividing  stream  surface.  The 
characteristics  of  this  boundary-layer  flow  are  described  in  Rosenhead  (1963)  under  the  section  on  yawed  cylinders.  A  recent 
solution  for  this  flow  field  for  laminar  and  turbulent  regimes  is  given  by  Cebeci  (1974).  For  swept  wings,  disturbances  produced 
in  comers  may  propagate  along  the  leading  edge  and  affect  stability  elsewhere,  giving  rise  to  so-called  leading-edge 
contamination.  This  boundary-layer  flow  can  not  only  serve  as  a  mechanism  for  the  propagation  of  turbulent  disturbances  from 
the  wing-root  junction  but  can  also  undergo  an  instability  leading  to  breakdown.  In  this  latter  case,  called  the  attachment-line 
stability  problem,  the  characteristic  critical  Reynolds  number  is  higher  than  the  contamination  limit.  Thus,  the  contamination 
problem  had  to  be  solved  first.  The  details  of  this  breakdown  process  were  first  investigated  experimentally  by  Pfenninger  (1965), 
Gregory  &  Love  (1965),  and  Gaster  (1967).  Research  in  this  area  experienced  a  hiatus  until  resurrected  by  Poll  (1979,  1981, 
1983).  Historically,  all  of  the  attention  was  devoted  to  the  transition  problem  except  for  perhaps  Pfenninger  &  Bacon  (1969)  and 
later  Poll  (1979,  1980)  where  data  of  sufficient  detail  was  presented.  It  has  only  been  recently  (e.g.  Hall  et  al.  1984)  that  efforts 
have  been  made  to  place  the  stability  analysis  on  firm  ground.  We  discuss  the  transition  problem  first  for  historical  reasons  (see 
also  the  review  of  Poll  1984). 

4.1  Transition 

The  elimination  of  the  spanwise  turbulent  contamination  and  the  eventual  success  of  the  X-21  project  was  a  major 
accomplishment  of  Pfenninger.  Spanwise  turbulent  contamination  had  been  first  observed  by  Gray  (1952)  on  the  AW52.  Thus, 
this  phenomena  was  known  early,  but  the  conditions  under  which  it  could  exist  were  not  documented.  Gregory  (1960)  published 
transition  results  on  a  60"  swept  wing  at  the  National  Physical  Laboratory,  demonstrating  again  such  spanwise  turbulent 
contamination  from  leading-edge  roughness  but  without  discussion  of  under  which  conditions  this  would  occur.  When  the  X-21 
flight  tests  in  1963  showed  laminar  flow  only  in  the  outer  pan  of  the  wing,  Pfenninger  had  to  use  unexpectedly  high  suction  rates 
to  achieve  laminar  flow.  These  levels  were  similar  to  those  required  for  an  experiment  on  a  30'  swept  low-drag  suction  wing  with 
strong  external  sound  in  the  frontal  area  (Bacon  et  al.  1962).  This  high  suction  was  required  particularly  in  the  leading-edge 

regions,  indicating  the  presence  of  rather  strong  disturbances  in  the  laminar  boundary  layer  originating  from  the  upstream  part  of 
the  wing.  Pfenninger  was  able  to  show  that  spanwise  turbulent  contamination  along  the  33’  swept  X-21  leading  edge  was 
responsible  for  the  loss  of  laminar  flow  (Pfenninger  1963a).  At  sufficiently  high  Reynolds  numbers,  turbulent  wedges  at  the  front 
attachment  line  of  a  swept  wing  can  spread  in  the  spanwise  direction  as  well  as  downstream  in  the  chordwise  direction  when  the 
angle  between  the  local  potential-flow  velocity  vector  and  the  front  attachment  line  is  smaller  than  the  half-spread  angle  of  a 
turbulent  wedge.  Pfenninger  then  established  the  conditions  for  the  existence  of  spanwise  contamination  in  the  presence  of  an 
initially  turbulent  attachment-line  boundary  layer  (RqAL  =  90  to  100)  and  developed  methods  to  reestablish  a  laminar  attachment¬ 
line  boundary  layer  (Pfenninger  1963b,c,  1965).  Here,  RqAL  =  Ve  0Al/v,  where  Vc  is  the  spanwise  component  of  the  local  potential 
flow  velocity  and  0AL  is  the  local  momentum  thickness.  Applying  expressions  for  the  momentum  thickness  and  momentum 
thickness  Reynolds  number  of  an  incompressible  laminar  boundary  layer  without  suction  at  the  front  attachment  line  of  a  swept 
wing  (Sears  1948,  Wild  1949,  Raetz  1953a,b,  1957),  it  is  appropriate  to  redefine  the  attachment  line  Reynolds  number  as: 

RhAL  =  0.404  [  Qo  r  sin^A  /  ( 1  +£)  v  cosA  1 1/2 

Here  the  leading-edge  region  and  the  front  part  of  the  wing  have  been  replaced  by  an  equivalent  ellipse  of  the  same  leading-edge 
radius  and  A  is  the  sweep  angle  of  the  attachment  line,  Q0  is  the  undisturbed  freestream  velocity,  r  is  the  wing  leading-edge  radius 
measured  normal  to  the  leading  edge,  and  g  is  the  thickness  ratio  of  the  equivalent  ellipse.  Subsequent  experiments  by  Carlson 
(1964,  1966)  and  Gregory  (1964)  showed  similar  results. 

With  the  application  of  a  leading-edge  fence  and  boundary-layer  suction  on  the  outer  side  of  the  fence  as  well  as  short 
chordwise  nose  slots  located  outboard  of  the  fence,  spanwise  turbulent  contamination  along  the  leading  edge  of  the  X-21  was 
eliminated  (Pfenninger  1963d, e,  1965).  Thus  it  was  realized  that  the  maintenance  of  full-chord  laminar  flow  on  the  X-21  wing 
depended  on  the  existence  of  an  undisturbed  clean  laminar  attachment-line  boundary  layer.  Subsequently,  Gregory  (1964), 
Gregory  &  Love  (1965),  Gaster  (1965,  1967),  and  Cumpsty  &  Head  (1967,  1969)  conducted  further  transition  experiments  at  the 
attachment  line  of  swept  wings. 

Gaster  ( 1967)  studies  the  effect  of  placing  trip  wires  normal  to  the  attachment  line.  He  defines  a  length  scale  r|  given  by 

Ti  =  (v/(dUt/dx),=0jm 

where  Ue  is  the  edge  velocity  in  the  streamwise  direction,  v  is  the  kinematic  viscosity  and  x  is  in  the  chord  direction  (Reshotko  & 
Beckwith  1958).  Gaster  found  that  for  large  trip  wires,  r/wwRqAL  =  104.  For  smaller  diameter  wires,  transRqAL  =  364  (  T|/d  )2, 
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where  d  is  (he  wire  diameter.  This  is  known  as  Gaster’s  criterion.  Gaster  also  showed  that  attachment-line  contamination  could 
be  prevented  by  the  use  ot'  a  specially  designed  bump  at  the  leading  edge  near  the  wing  root. 

Poll  (.1977,  1978,  1979)  also  uses  the  parameter  d/q  in  an  extensive  series  of  experiments  on  a  yawed  cylinder.  In  this 
geometry',  d  =  0.404  q,  For  the  parameter  d/q,  he  determines  a  maximum  ratio  of  1.55  below  which  the  wire  feeds  disturbances 
along  the  attachment  line  until  turbulent  bursts  occur.  Above  this  value  he  discovers  that  the  wire  introduces  turbulent  bursts 
directly  at  the  trip  wire.  There  is  a  value  of  d/q  equal  to  0.8  or  less  where  the  wire  has  no  effect  on  the  transition  process.  Poll 
( 1979)  defines  a  Reynolds  number  based  on  the  edge  velocity  Ve  parallel  to  the  leading  edge  and  the  length  scale  q  mentioned 
above.  Based  on  this  definition  he  obtains  a  critical  Reynolds  number  of  250,  below  which  propagation  of  disturbances  along  the 
attachment  line  does  not  occur.  Poll  (1978)  finds  a  relation  for  the  attachment-line  intermittency  distributions  based  on  the  spot 
concepts  of  Emmons  (I95i). 

For  compressible  flow,  correlations  for  the  onset  of  transition  of  the  attachment  line  have  been  proposed  by  Topham 
(1965)  and  Bushnell  &  Huffman  (1967).  Yeoh  (1980)  has  studied  data  for  the  attachment-line  boundary  layer  in  supersonic  flow 
tripped  by  an  isolated  disturbance.  Poll  (1978,  1983)  found  that  compressible-flow  intermittency  distributions  exhibit  the  same 
behavior  as  incompressible. 

4.2  Stability 

Unlike  all  of  the  other  examples  of  3-D  boundary  layers,  the  attachment-line  instability  does  not  produce  streamwise 
vortices  of  the  crossflow  type.  The  most  recent  attacks  on  this  problem  are  a  linear  analysis  by  Hall  et  al.  (1984)  and  a  combined 
weakly  nonlinear  solution  and  Navier-Stokes  simulation  by  Hall  &  Malik  (1986).  Hall  et  al.  (1984)  modeled  the  stagnation  flow 
as  a  "swept"  Hiemenz-type  flow  that  admits  similarity  solutions  with  a  nonzero  velocity  normal  to  the  wall.  They  showed  that  the 
most  unstable  linear  disturbance  is  a  traveling  wave  of  the  T-S  type  and  presented  neutral-stability  calculations  at  different  values 
of  suction  and  blowing.  Their  linear  results  were  also  able  to  predict  and  explain  the  experimental  data  of  Pfenninger  &  Bacon 
(1969)  and  Poll  (1979,  1980). 

Of  particular  interest  is  that  Hall  &  Malik  (1986)  were  able  to  explain  the  absence  of  upper-branch  neutral  stability  modes 
as  being  due  to  a  subcritical  bifurcation  along  most  of  the  upper  branch.  They  also  hint  at  the  idea  that  the  stabilizing  effects  of 
suction  predicted  from  linear  theory  may  not  hold  here  because  the  suction  may  lead  to  a  larger  band  of  nonlinear  unstable  modes. 
This  work  is  important  because  it  is  another  illustration  of  the  power  of  combined  analysis  and  computation  dedicated  to 
experimental  results.  It  lays  the  foundation  for  more  detailed  experimental  work  and  the  extension  of  the  theory  to  3-D 
disturbances  and  nonzero  curvature. 

While  the  attachment-line  flow  is  not  one  of  the  classic  3-D  flows  that  have  been  discussed  in  earlier  sections,  one  can  see 
that  it  is  nevertheless  an  important  part  of  nest  3-D  flow's  of  interest.  As  such,  it  offers  fertile  ground  for  research  since  there  has 
not  been  a  great  deal  of  attention  paid  to  this  area. 

5.  CONCLUSIONS 

Three-dimensional  flows  all  exhibit  similar  characteristics  (streamwise  vorticity)  and  all  appear  to  depend  heavily  on  initial 
conditions.  Here  we  have  reviewed  the  current  knowledge  for  some  basic  flows  and  have  seen  that  many  questions  remain  to  be 
solved.  The  encouraging  aspect  of  this  is  the  increased  research  effort  in  this  area  that  is  perhaps  prompted  by  energy  efficient 
aircraft. 

We  observed  that  it  is  possible  that  ’’disturbance  sources"  such  as  roughness  could  favor  the  stationary  mode,  the  end 
conditions  could  inhibit  traveling  disturbances  in  the  experiments,  or  the  theory  could  be  inadequate.  There  is  room  for  more 
Navier-Stokes  simulations  that  could  be  used  closely  with  carefully  controlled  experiments  and  perhaps  offer  explanations  such  as 
those  provided  by  Singer  et  al.  (1986,  1987)  in  the  2-D  case. 

In  general,  it  is  uncertain  how  to  define  transition  in  3-D.  Clearly,  the  attempts  at  transition  correlation  are  just  necessary 
stop-gap  measures  to  permit  the  designer  to  carry  out  his  work.  A  firm  understanding  of  transition  will  not  come  from  these 
efforts.  The  details  of  the  transition  process  in  3-D  are  still  missing.  For  example,  it  is  important  to  know  whether  in  3-D  the 
formation  of  3-D  structures  (K-type  and  H-type)  and  characteristic  stages  (e  g.  1-spike  stage)  will  occur  as  in  2-D  flow  transition. 
For  controlled  experiments  it  is  even  unclear  how  to  introduce  controlled  disturbances  into  the  3-D  boundary  layer  and  whether 
these  can  be  made  representative  "modes”  for  "natural  transition."  The  possibilities  of  and  mechanisms  for  secondary  instabilities 
remain  to  be  determined,  and  we  have  not  even  begun  to  discuss  the  roles  of  unsteadiness,  strong  pressure  gradients,  incipient 
separation,  and  laminar/turbulent  separation  bubbles. 
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Figure  1.  Schematic  of  an  inviscid  streamline  over 
a  swept  wing. 
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Figure  3.  Calculations  of  streamwise  and  crossflow 
velocities  (Reed,  1988) 


Figure  5.  Calculations  of  disturbance  streamlines  in 
the  crossflow  plane  (Reed,  1988). 


Figure  2.  Schematic  of  velocity  components  within 
a  swept-wing  boundary  layer 
illustrating  the  definition  of  the 
crossflow  velocity. 
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Figure  4.  Ske  ’•  '  qualitative  differences 

bei  ’l  -issflow  vortices  and 
Goruer  vortices. 


Figure  6.  Spectra  from  spanwise  disturbance 
measurements  at  x/c  =  0.4  and  U0  = 
10  m/s  from  Saric  &  Yeates  (1985). 
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SUMMARY 

The  state  of  the  attachment-line  boundary  layer  on  two  typical,  low-speed,  high-lift 
wind-tunnel  models  has  been  investigated  experimentally.  Transition  was  observed  on  both 
models  within  the  Reynolds  number  range  of  the  Royal  Aerospace  Establishment  5  metre, 
low-speed,  pressurised  Wind  Tunnel,  but  significant  differences  were  found  from  the 
behaviour  previously  observed  using  infinite  swept  and  high-speed  wing  configurations. 

An  adverse  Reynolds  number  effect  on  maximum  lift,  which  correlated  quite  well  with  the 
onset  of  attachment-line  transition,  was  found  for  one  of  the  models.  No  such  effect  was 
found  with  the  other  model  but  in  this  case  laminarisation  following  transition  at  the 
attachment  line  was  observed  and  is  suggested  as  a  probable  reason  for  the  absence  of  any 
scale  effect  on  the  forces  within  the  Reynolds  number  range  of  the  tests.  It  is  conclu¬ 
ded  that  attachment-line  transition  and  laminarisation  can  both  contribute  to  scale 
effect  in  low-speed,  high-lift  testing  and  that,  for  many  aircraft,  accurate  simulation 
of  the  full-scale  behaviour  in  conventional  wind  tunnels  is  unlikely.  It  is  suggested 
that  further  work  is  required  to  establish  whether  these  effects  are  likely  to  give  rise 
to  significant  discrepancies  between  high-lift  performance  measured  in  the  tunnel  and  in 
flight. 

SYMBOLS 

c  wing  chord  given  by  Csw  cos  <J> 

Cr  maximum  lift  coefficient 

max 

Csw  streamwise  wing  chord 

d  trip  wire  diameter 

K  acceleration  parameter 

l  distance  between  trip  and  detector 

Q  free-stream  velocity 

R  free-stream  unit  Reynolds  number 

R  attachment  line  Reynolds  number 

R_,.  Reynolds  number  based  on  C  . 

sw  sw 

s  surface  distance  measured  normal  to  attachment  line 

u  local  velocity  component  normal  to  attachment  line 

U^  free-stream  component  normal  to  attachment  line 

U1  attachment  line  velocity  gradient 

free-stream  component  parallel  to  attachment  line 
V  velocity  at  edge  of  boundary  layer  parallel  to  attachment  line 

x  chordwise  distance  normal  to  attachment  line 

y  spanwise  distance  parallel  to  attachment  line 

a  incidence 

4LAM  laminar  boundary  layer  thickness 

e  additional  flow  component  along  attachment  line 

n  spanwise  distance  divided  bv  semi-span 

v  kinematic  viscosity 

1>  sweep  angle 

cross-flow  instability  Reynolds  number 
attachment-line  boundary  layer  churacterstic  length 


X 
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INTRODUCTION 
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The  position  of  transition  on  an  aircraft  wing  can  have  a  significant  effect  on  the 
performance,  the  laminar-flow  wing  being  an  extreme  example.  The  type  and  location  of 
transition  are  scale  (Reynolds  number)  dependent  and  therefore  merit  some  consideration 
in  sub-scale  wind-tunnel  testing.  Elsenaar  gave  a  recent  review  of  the  whole  subject  of 
wind-tunnel  scale  effect  in  Ref  1.  In  the  case  of  low-speed,  high-lift  wings  with  which 
the  present  investigation  is  concerned,  transition  positions  are  generally  assumed  to 
move  very  little  with  change  in  Reynolds  number  and  any  scale  effects  are  expected  to  be 
favourable  and  related  to  a  general  reduction  in  thickness  of  the  viscous  layers  with 
increase  in  Reynolds  number.  This  picture  is  borne  out  by  two-dimensional  tests  and 
calculations  for  high-lift  configurations,  where  the  characteristically  sharp  suction 
peak  near  the  leading  edge  of  each  component  tends  to  fix  the  location  of  transition  close 
to  the  start  of  the  pressure  rise.  The  transition  mechanism  in  this  case  is  the  usual 
two-dimensional  one,  but  at  model  scale,  frequently  occurs  in  the  separated  shear  layer 
over  a  short  separation  bubble.  In  reality,  of  course,  transition  from  laminar  to  turbu¬ 
lent  flow  in  a  boundary  layer  on  a  swept  wing  can  also  occur  through  other  mechanisms 
which  are  not  found  in  two-dimensional  flow.  The  most  important  of  these  are  cross-flow 
instability  and  turbulent  contamination  of  the  attachment-line  flow;  it  is  the  second  of 
these  which  is  the  subject  of  the  present  investigation.  This  transition  mechanism  has 
been  recognised  since  the  early  attempts  to  design  laminar-flow  wings  but  it  has  been 
considered  in  the  context  of  high-speed  or  cruise  configurations  (see  Poll2  and  Hall 
and  Treadgold^,  for  example)  and  little  attention  has  been  paid  to  the  possibility  that 
it  might  be  significant  at  low  speed  and  high  lift. 


Given  suitable  conditions,  attachment-line  contamination  can  result  in  virtually  the 
whole  of  the  wing  being  covered  with  turbulent  boundary  layers,  the  regions  of  laminar 
flow  expected  on  the  basis  of  two-dimensional  criteria  being  entirely  lost  with  a  conse¬ 
quent  likely  reduction  in  maximum  lift  and  lift  to  drag  ratio.  Clearly  this  mechanism 
could  have  important  implications,  for  instance  where  swept-wing  designs  make  use  of 
two-dimensional  experimental  and  theoretical  results.  The  present  interest  originated 
from  the  realisation  that,  on  the  basis  of  existing  infinite  swept-wing  results, 
attachment-line  transition  could  give  rise  to  additional  unexpected  scale  effects  in 
wind-tunnel  measurements  on  low-speed,  high-lift  models.  That  is,  a  change  in  the  transi¬ 
tion  mechanism  with  Reynolds  number  could  be  introduced  so  that  tunnel  tests  might  not 
correctly  reflect  the  full-scale  behaviour.  This  was  seen  as  a  possibly  significant 
factor  in  some  of  the  tests  undertaken  in  the  5  metre  Wind  Tunnel  at  the  Royal  Aerospace 
Establishment  when  high  accuracy  was  required.  The  pressurised  design  of  this  low-speed 
tunnel  enables  Reynolds  numbers  of  up  to  approximately  one  quarter  full  scale  to  be 
achieved  for  typical  transport  aircraft.  This  value  was  expected  to  allow  confident 
extrapolation  of  wind-tunnel  results  to  full-scale  Reynolds  number;  the  occurrence  of 
attachment-line  transition,  particularly  in  the  Reynolds  number  range  intermediate 
between  tunnel  and  flight,  could  introduce  considerable  additional  uncertainty  into  this 
process . 


2  ATTACHMENT-LINE  TRANSITION 


The  flow  in  the  vicinity  of  the  attachment  line  on  a  swept  wing  is  illustrated  in 
Fig  1,  which  is  taken  from  Ref  2.  The  component  of  the  free-stream  velocity  along  the 
attachment  line  gives  rise  to  spanwise  velocities  within  the  boundary  layer  which 
distinguishes  it  from  that  found  on  an  unswept  wing.  The  resulting  spanwise  boundary- 
layer  flow  along  the  attachment  line  is  referred  to  as  the  attachment-line  boundary 
layer  and,  on  an  infinite  swept  wing,  the  properties  of  this  layer  are  invariant  with 
distance  along  the  attachment  line.  However,  disturbances  can  propagate  spanwise  within 
this  layer  and,  depending  on  the  conditions,  instability  and  transition  can  occur. 
Furthermore,  because  the  boundary  layers  over  the  wing  originate  at  the  attachment  line, 
transition  to  turbulence  at  this  position  can  result  in  turbulent  flow  over  the  whole 
wing . 


The  attachment-line  boundary  layer  is  characterised  by  a  Reynolds  number,  R  ,  which 
is  given  by  R  =  ViJj/v  ,  where  V  is  the  spanwise  velocity  at  the  edge  of  the  layer, 
v  is  the  corresponding  kinematic  viscosity  and  i(i  is  a  characteristic  length  scale. 

A  convenient  form  for  the  latter,  representative  of  the  boundary-layer  thickness,  is 
given  by 


"  [(du/ds) s=0] 


where  (du/ds) is  the  velocity  gradient  normal  to  the  attachment  line  at  the  edge  of 

the  boundary  layer.  For  an  infinite  swept  wing  the  velocity  at  the  edge  of  the 
attachment-line  boundary  layer  is  given  by  v  =  =  Q„  sin  ♦  >  (where  is  the  free- 

stream  velocity  and  i  is  the  sweep  angle)  and  the  Reynolds  number,  R  ,  can  be  written 


R  =  V*  = 

V 


(2) 
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Here  Rgw  is  the  free-stream  Reynolds  number  based  on  a  streamwise  length,  cgw  , 
and  U1  is  the  non-dimensional  attachment-line  velocity  gradient  given  by 


where  cos  $  and  c  =  cgw  cos  <J>  .  Equation  (2)  is  a  convenient  form  for  R 

and,  although  derived  on  the  assumption  of  infinite  swept-wing  flow,  it  seems  reasonable 
to  use  it  for  three-dimensional  wings  of  moderate  to  high  aspect  ratio,  except  probably 
in  the  root  and  tip  regions.  It  has  been  used  to  calculate  values  of  R  for  the  present 
experiments  making  the  assumption  that  the  streamwise  sections  of  the  three-dimensional 
wings  behave  like  sections  of  infinite  swept  wings  having  the  same  sweep  as  the  actual 
attachment  line. 

The  Reynolds  number,  R  ,  characterises  the  attachment-line  boundary  layer,  so  that 
transition  becomes  more  likely  as  R  is  increased  (other  conditions  remaining  constant). 
Equation  (2)  shows  that  there  are  basically  three  ways  in  which  this  can  occur:  firstly 
by  an  increase  in  the  free-stream  Reynolds  number,  secondly  by  an  increase  in  the  wing 
sweep  angle  and  thirdly  by  a  reduction  in  the  velocity  gradient,  U1  .  The  last  of  these 

reduces  the  r  .he  at  which  fluid  is  carried  away  from  the  attachment  line  and  hence 
thickens  tne  boundary  layer  there.  The  value  of  U^  clearly  depends  on  the  form  of  the 

velocity  distribution  near  the  attachment  line  and  this  is  strongly  dependent  on  the  local 
surface  shape.  Fig  2  shows  schematically  the  importance  of  this  fact  in  distinguishing 
between  the  high-speed  or  cruise  condition  and  the  low-speed,  high-lift  condition.  For 
the  high-speed  case  the  figure  shows  the  attachment  line  near  the  aerofoil  nose  where  the 
curvature  is  high  and  U1  values  of  around  100  are  found,  whereas  for  the  low-speed  case 

the  attachment  line  is  shown  lying  further  aft  on  the  lower  surface  where  the  curvature 
is  much  lower  and  values  of  around  five  (for  the  main  wing)  to  20  (for  the  slat)  are 

more  typical.  The  significance  of  these  calculated  values  is  that,  according  to  the 
existing  criterion  for  infinite  swept  wings,  they  result  in  R  values  which  imply  transi¬ 
tion  at  the  attachment  line  for  some  typical  high-lift  models  within  the  operating 
envelope  of  the  5  metre  Wind  Tunnel. 

3  PREVIOUS  EXPERIMENTAL  WORK 

Before  going  on  to  discuss  the  present  experiments,  it  will  be  helpful  to  review 
briefly  some  of  the  investigations  that  have  been  made  of  attachment-line  transition  and 
summarise  the  important  results,  particularly  those  relating  to  transition  criteria. 

The  first  detailed  measurements  were  made  in  the  1960s  in  an  attempt  to  clarify  the 
mechanism  after  it  had  been  recognised  as  responsible  for  the  failure  of  the  early 
laminar-flow  swept-wing  designs.  The  failure  of  these  designs  to  generate  the  expected 
extent  of  laminar  flow  was  traced  to  transition  at  the  attachment  line  which  was 
triggered  by  gross  disturbances  from  the  fuselage-side  boundary  layer  at  the  root.  The 
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problem  was  investigated  by,  amongst  others,  Pfenninger  ,  Gregory  and  Love  ,  Gaster  and 
7 

Cumpsty  and  Head  ,  all  of  whom  found  that  transition  following  contamination  of  the 
attachment-line  boundary  layer  by  a  large  disturbance  could  be  characterised  by  a  single 
value  of  R  .  The  values  found  varied  from  about  240  to  290,  though  Cumpsty  and  Head, 
who  measured  boundary-layer  profiles,  reported  that  fully  turbulent  characteristics  were 
not  established  until  values  of  around  370  were  reached.  The  effects  of  trip  wires 
placed  across  the  attachment  line  were  also  explored  in  these  early  investigations.  An 
upper  limit  was  found  for  the  diameter  of  the  trip  wire  beyond  which  further  increase 
had  no  effect  on  the  R  required  for  transition,  which  remained  at  the  value  found  for 
large  disturbances.  For  trip  diameters  smaller  than  this  critical  value,  the  R 
required  increased  rapidly  and  with  no  disturbance  present  laminar  flow  was  found  up  to 
the  maximum  attainable  values  of  R  by  Gregory  and  Love  (R  ~  400)  and  by  Cumpsty  and 
Head  (R  ~  600) .  A  useful  summary  of  the  state  of  knowledge  achieved  by  1972  is  included 

in  a  report  by  Hall  and  TreadgoldJ  which  addresses  the  general  problem  of  prediction  of 
transition  on  swept  wings  at  high  subsonic  speed. 

Once  the  mechanism  of  attachment-line  transition  had  been  clarified,  little  further 
fundamental  work  was  done  until  the  comprehensive  investigation  carried  out  by  Poll^. 

This  provided  detailed  measurements  of  the  state  of  the  boundary  layer  at  the  attachment 
line  on  an  infinite  swept  wing  as  the  free-stream  Reynolds  number,  sweep  and  size  of 
disturbance  were  varied.  The  results  of  this  investigation  were  presented  in  terms  of 
the  R  values  required  for  the  detection  of  the  onset  of  transition  (first-bursts)  and 
complete  turbulence  at  a  non-dimensional  distance  l/ty  downstream  (along  the  attachment 
line)  of  a  trip  wire  of  non-dimensional  diameter  d/ijj  .  Poll  used  a  criterion  of  approxi¬ 
mately  one  burst  every  15  seconds  to  identify  the  first  bursts  condition. 

Some  of  the  data  from  these  measurements  are  reproduced  from  Ref  2  in  Figs  3  and  4, 
which  show  results  for  first-bursts  and  complete  turbulence,  respectively.  It  is  clear 
from  these  results  that  the  development  of  transition  is  a  complex  process  and  only  some 
of  the  more  important  points  from  Ref  2  are  summarised  here.  The  behaviour  for  small 
and  large  trip  sizes  is  of  particular  interest.  Both  figures  show  that  reduction  in  trip 
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diameter  below  about  0.8  has  little  effect  and  Poll  concludes  that  transition  is  then 
dominated  by  disturbances  originating  in  the  free  stream.  Trip  diameters  greater  than 
d/il  =  2  are  considered  'large'  and  Fig  4  shows  that  further  increase  in  size  has  no 
effect  on  the  establishment  of  full  turbulence,  which  occurs  at  R  =  260  close  to  the 
trip  and  at  R  =  300  at  large  distances  from  the  trip.  Fig  3  shows  that  the  R 
required  for  the  detection  of  first-bursts  far  from  the  trip  (i/i!  >  4000)  is  also  con¬ 
stant  (at  245)  and  unaffected  by  further  increase  in  trip  size  beyond  d/t p  =  2  .  This 
result  implies  that  a  value  of  R  =  245  is  required  for  the  initial  turbulent  bursts  to 
be  self-sustaining,  that  is  to  propagate  along  the  attachment  line  without  either 
expanding  or  contracting.  At  lower  values  of  r  the  bursts  are  only  detectable  close  to 
the  trip. 

The  corresponding  result  for  the  detection  of  complete  turbulence  with  a  large  trip 
(Fig  4)  implies  that  a  value  of  R  in  excess  of  300  is  required  for  the  boundary  layer 
to  remain  turbulent  at  large  values  of  Z /ty  .  At  lower  values  complete  turbulence  is 
found  closer  to  the  trip  but  the  boundary  layer  reverts  to  a  transitional  state  at  larger 
distances . 
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Paisley  ar.d  Poll  have  extended  the  investigation  of  Ref  2  to  the  study  of  the 
attachment-line  flow  on  a  non-lifting  tapered  cylinder.  The  boundary-layer  properties  in 
this  case  are  no  longer  invariant  with  distance  along  the  attachment  line  because  of  the 
effects  of  taper  on  the  streamwise  Reynolds  number,  R^w  (equation  (2)).  Paisley  suggests 

that  diji/dy  ,  which  represents  the  spanwise  rate  of  growth  of  the  boundary  layer,  might  be 
a  relevant  additional  parameter  in  the  description  of  such  attachment-line  flows.  The 
spanwise  variation  introduces  some  uncertainty  into  the  way  the  results  are  presented_and 
related  to  the  infinite  swept  data.  In  the  latter  case,  there  is  a  unique  value  of  R 
but  for  the  tapered  cylinder  this  is  not  so,  and  an  appropriate  value  must  be  selected, 
obvious  choices  being  those  at  the  trip  or  at  the  detector.  Data  is  only  presented  in 
Refs  8  and  9  for  the  onset  of  transition  (first  bursts)  and  this  shows  a  very  similar 
behaviour  to  that  illustrated  in  Fig  3  for  the  infinite  swept  wing,  except  that  the  size 
of  the  trip  wire  needed  to  initiate  transition  at  a  given  value  of  R  is  reduced  by 
about  4(d/ij/)  =  j.  6  ,  which  is  a  very  substantial  change  and  implies  that  the  attachment¬ 
boundary  layer  on  a  three-dimensional  wing  may  be  significantly  more  sensitive  to 
disturbances  than  indicated  by  infinite  swept-wing  results.  Finally,  it  is  w^rth  noting 
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the  remarks  of  Poll  and  Paisley  concerning  the  implications  of  these  results  to  flight. 
On  the  basis  of  the  infinite  swept  wing  data,  Poll  concludes  that  all  swept  wing  trans¬ 
port  aircraft,  with  the  possible  exception  of  some  executive  types,  will  have  turbulent 
attachment-line  boundary  layers  at  cruise  conditions,  with  the  fuselage-side  boundary 
layer  providing  a  source  of  gross  contamination.  According  to  Paisley,  the  results  of 
the  tapered-cylinder  experiments  imply  that  laminar  flow  might  be  found  over  a  small 
region  adjacent  to  the  wing  tip  on  all  but  the  largest  size  transport  aircraft. 

4  PRESENT  INVESTIGATION 

4.1  Background 

2 

As  already  explained,  existing  infinite-swept  experimental  results  imply  that 
attachment-line  transition  could  occur  on  some  low-speed,  high-lift  wind-tunnel  models, 
thus  giving  rise  to  a  scale  effect  and  potential  difficulties  in  extrapolating  experi¬ 
mental  measurements  to  full-scale  Reynolds  number.  In  particular,  the  loss  of  a  length 
of  laminar  boundary  layer  consequent  on  the  movement  of  transition  to  the  attachment  line 
is  likely  to  have  an  adverse  effect  on  the  maximum  lift  capability,  which  is  one  of  the 
most  important  performance  parameters  of  a  high-lift  system.  Before  the  present  experi¬ 
mental  investigation  was  started,  an  attempt  was  made  to  calculate  the  likely  magnitude 
of  this  effect.  Two-dimensional  turbulent  boundary-layer  calculations  were  made  for 
some  high-lift  configurations  with  the  transition  location  fixed  first  at  the  stagnation 
point  and  then  at  the  location  determined  from  a  laminar  boundary-layer  calculation. 
Reductions  in  maximum  lift  of  up  to  7.5%  were  predicted  by  these  calculations  when  the 
transition  location  was  moved  forward  to  the  stagnation  point:  this  is  a  very  significant 
reduction  in  performance.  However,  these  results  must  be  treated  with  some  caution  for 
two  reasons.  First,  the  calculations  were  carried  out  some  years  ago  using  a  boundary- 

layer  method1^  which  was  not  able  to  predict  maximum  lift  values  directly,  so  the  results 
were  deduced  from  comparison  of  the  trailing-edge  shape  factor  values  from  the  two 
calculations.  The  second  reason  for  caution  is  that  there  must  be  doubts  about  the 
validity  of  the  method  in  the  very  high  acceleration  region  between  the  stagnation  point 
and  the  peak  suction  position.  Although  the  limited  success  of  these  initial  calcula¬ 
tions  was  encouraging,  it  was  clear  that  information  of  practical  significance  could 
only  be  obtained  by  an  experimental  programme  using  representative  high-lift  models.  A 
series  of  experiments  using  existing  models  was  therefore  carried  out  in  the  Royal 
Aerospace  Establishment  5  metre  Wind  Tunnel.  These  had  two  main  objectives:  firstly,  to 
establish  whether  attachment-line  transition  occurred  on  these  three-dimensional  wings 
and  if  so,  to  what  extent  the  behaviour  was  described  by  the  existing  infinite  swept- 
wing  results,  and  secondly  to  determine  whether  movement  of  transition  to  the  attachment 
line  resulted  in  any  adverse  effect  on  the  maximum  lift  capability  of  the  particular 
models  employed. 


4.2  Models  and  instrumentation 


Of  the  two  models  used  in  this  investigation,  the  first,  used  for  the  initial 
exploratory  tests,  was  model  M495  which  was  designed  to  represent  a  subsonic  strike- 
fighter  aircraft.  This  model  was  quite  large  (2.7  m  span)  and  the  wing,  which  had  a 
leading-edge  sweep  of  40  degrees  and  a  taper  ratio  of  0.33,  was  mounted  in  the  high-wing 
position  on  a  flat  sided  fuselage.  The  wing  was  equipped  with  both  a  leading-edge  slat 
and  a  trailing-edge  flap.  It  was  known  from  previous  measurements  that,  for  the  slat 
position  used  in  these  tests,  the  maximum  lift  was  determined  by  breakdown  of  the  flow  on 
the  slat  and  also  (from  pressure  measurements)  that  the  values  attained  on  the  slat 

near  maximum  lift  conditions  would  probably  be  low  enough  to  ensure  that  critical  values 
of  R  (R  ~  300)  occurred  within  the  Reynolds  number  range  of  the  tunnel. 

The  second  model,  which  was  used  for  most  of  the  experiments  reported  here,  was 
model  M477  and  this  was  a  half-model  of  1.8  m  semi-span  with  a  leading-edge  sweep 
(32  degrees)  and  taper  ratio  (0.4)  more  typical  of  transport  type  aircraft.  Again,  the 
wing  was  mounted  in  the  high-wing  position  on  a  flat-sided  fuselage  but  in  this  case  a 
plain  leading  edge  (no  high-lift  device)  was  used,  though  a  trailing-edge  flap  set  at 
20  degrees  was  employed  to  generate  high-lift  coefficients  and  ensure  that  the  attachment 
line  was  well  aft  of  the  nose,  so  that  low  U ^  values  and  critical  R  values  were  also 
likely  in  this  case. 

The  overall  forces  on  the  models  were  measured  using  a  very  accurate  mechanical 
balance  and  surface  pressures  were  measured  using  Druck  pressure  transducers  in  conjunc¬ 
tion  with  rotary  pressure  switches  (J  type  Scanivalves) .  Pressure  distributions  were 
recorded  at  three  spanwise  stations  on  M495  and  at  four  stations  on  M477.  The  state  of 
the  attachment-line  boundary  layer  was  detected  by  Disa  type  55R47  glue-on  hot-film 
gauges  which  were  fixed  to  the  metal  surface  of  the  models  using  cyanoacrylate  adhesive. 
The  active  elements  of  the  gauges  were  1.2  mm  long  and  0.08  mm  wide  and  were  deposited  on 
a  flexible  substrate  of  0.05  mm  thickness.  The  hot-film  gauges  were  used  in  an  essen¬ 
tially  qualitative  manner  with  the  state  of  the  boundary  layer  being  inferred  from  the 
character  of  the  unsteady  signal.  For  this  reason,  the  gauges  were  operated  in  a  con¬ 
stant  current  mode,  which  considerably  simplified  the  instrumentation  requirements.  Each 
gauge  was  arranged  in  series  with  a  large  resistor  and  incorporated  into  a  bridge  circuit 
so  that,  with  the  heating  supply  voltage  fixed,  it  acted  as  a  constant  current  device 
giving  rise  to  out-of-balance  voltages  across  the  bridge  directly  proportional  to  changes 
in  film  temperature.  In  operation,  the  out-of-balance  voltage  from  the  bridge  was  ampli¬ 
fied  on-board  the  model  and  transmitted  via  an  analogue  data-highway  to  the  tunnel  con¬ 
trol  room  where  it  was  displayed  on  an  oscilloscope.  The  signal  was  examined  visually 
and  the  storage  facility  of  the  oscilloscope  used  to  record  a  sample  that  was  judged  to 
be  typical;  this  was  photographed  using  an  oscilloscope  camera  and  Polaroid  film. 
Interpretation  of  the  signals  was  generally  straightforward,  eased  by  the  fact  that  in 
many  cases  a  full  range  of  boundary-layer  states  from  laminar  to  fully  turbulent  was 
obtained  by  varying  the  tunnel  total  pressure  whilst  holding  all  other  conditions 
constant . 

4.3  Exploratory  investigation 

Some  exploratory  measurements  were  carried  out  on  the  leading-edge  slat  of  M495  using 
three  hot-film  gauges  to  detect  the  state  of  the  attachment-line  boundary  layer  at  387., 

61 7,  and  82%  serai-span.  The  gauges  were  positioned  aft  of  the  attachment  line  in  the 
lower-surface  boundary  layer  so  that  no  interference  could  be  caused  to  the  upper  surface 
flow.  The  mild  favourable  pressure  gradient  between  the  attachment  line  and  gauge  (at 
high  lift)  ensured  that  the  boundary  layer  state  at  the  gauge  reflected  that  actually  at 
the  attachment  line.  The  gauges  were  set  into  shallow  recesses  machined  into  the  slat 
surface  as  close  as  possible  to  the  heel  and  the  electrical  leads  were  led  around  into 
the  cove  (see  Fig  2  for  slat  heel  and  cove)  and  thence  into  the  fuselage. 

In  order  to  compare  the  behaviour  of  the  results  with  previous  infinite  swept-wing 
data,  the  attachment-line  Reynolds  number,  R  ,  has  to  be  evaluated.  This  was  done  using 
equation  (2)  which  makes  use  of  the  assumption  that  the  wing  behaves  locally  as  if  it 
were  a  section  of  an  infinite  swept  wing.  Although  this  seemed  a  reasonable  approxima¬ 
tion,  it  did  lead  to  some  difficulty  in  computing  the  attachment-line  velocity  gradient, 
U1  ,  from  the  measured  pressure  distribution.  To  do  this,  the  velocity  normal  to  the 

attachment  line  has  to  be  deduced  from  the  measured  pressures;  this  is  simple  if  the 
spanwise  velocity  component  along  the  attachment  line  is  known.  However,  the  use  of  the 
infinite  swept-wing  assumption,  V  =  sin  $  ,  resulted  in  a  discontinuous  chordwise 

velocity  distribution  from  which  it  was  impossible  to  compute  .  To  overcome  this 

problem,  the  spanwise  component  of  velocity  was  taken  to  be  Q  (1  +  e)  sin  $  and  the 
value  of  e  Chosen  to  give  a  smooth  variation  of  velocity  normal  to  the  attachment  line. 
Despite  this  there  was  still  considerable  uncertainty  attached  to  the  process  of  locating 
the  attachment-line  position  and  computing  values  from  the  measured  pressures.  This 

uncertainty  was  greater  close  to  the  slat  heel  because  the  absence  of  data  from  beyond 
this  point  made  accurate  interpolation  difficult.  However,  by  estimating  values  of  U1 
from  many  experimental  measurements,  confidence  was  built  up  in  the  results  and  this  was 
supported  by  the  predictions  of  a  two-dimensional  inviscid  panel-method  calculation  (on 
a  derived  two-dimensional  section) ,  which  were  in  good  agreement  with  the  experimental 
values. 
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Values  of  R  derived  from  the  pressure  measurements  at  each  of  the  three  spanwise 
stations  are  plotted  as  a  function  of  incidence  in  Fig  5  for  a  free-stream  Reynolds 

number  of  14.5  »  10  and  show  quite  complex  variations  which  reflect  the  three-dimensional 
nature  of  the  flow  over  this  wing.  To  simplify  the  figure,  data  is  only  shown  for 
incidences  beyond  those  at  which  the  attachment  line  reaches  the  nose  at  each  station. 

As  the  incidence  is  increased,  the  attachment  line  moves  from  the  slat  nose  to  the 
relatively  flat  surface  ahead  of  the  heel  and  this  accounts,  through  the  effect  on  , 

for  the  R  variation  shown.  The  difference  between  the  curves  for  the  three  spanwise 
stations  arises  from  a  combination  of  the  effects  of  wing  taper  and  spanwise  lift 
variation.  The  former  simply  causes  R  to  fall  with  increasing  distance  outboard  but 
the  latter  has  a  more  complex  effect  and  at  moderate  incidences  is  large  enough  to  over¬ 
power  the  taper  effect  so  that  R  actually  increases  with  distance  outboard.  At  high 
incidence,  the  attachment  line  at  all  three  stations  lies  on  the  flatter  surface  forward 
of  the  heel  and  there  is  little  spanwise  variation  in  U.  so  that  the  net  effect  is  then 
mostly  due  to  the  wing  taper. 

A  large  number  of  hot-film  gauge  signals  were  recorded  and  showed  convincingly  that 
the  slat  attachment-line  boundary  layer  could  be  turbulent  near  maximum  lift  conditions. 
The  relationship  between  transition  and  incidence  was  not  well  behaved  however,  since 
apparently  erratic  switching  between  laminar  and  turbulent  states  occurred  as  incidence 
increased.  However,  the  corresponding  relationship  between  transition  position  and 
Reynolds  number  was  substantially  better  ordered;  there  was  a  clear  tendency  for  transi¬ 
tion  to  take  place  first  at  the  outboard  station  followed  by  the  mid  semi-span  station 
and  finally  the  inboard  station.  This  is  illustrated  by  the  use  of  full  (for  turbulent) 
and  broken  (for  laminar)  lines  in  Fig  5  which  shows  that  transition  was  judged  to  have 
occurred  at  the  outboard  station  at  an  R  value  around  270  but  not  until  a  value  of 
nearly  500  was  reached  at  the  inboard  station.  The  transition  process  on  the  inner  wing 
is  thus  clearly  not  characterised  by  the  large  disturbance  (R  ~  300)  criterion  expected 
from  all  previous  infinite  swept-wing  and  cruise  configuration  investigations  where  a 
turbulent  fuselage-side  boundary  layer  was  present.  It  has  been  clearly  established 
(Ref  2  for  example)  that  such  a  boundary  layer  provides  a  source  of  gross  contamination 
and  so  there  must  be  some  additional  significant  factor  in  the  present,  high-lift  experi¬ 
ment  which  prevents  this  source  of  disturbance  from  being  effective  in  initiating  transi¬ 
tion.  The  powerful  effect  of  spanwise  lift  variation  on  R  shown  in  Fig  5  suggests 
that  this  factor  could  be  the  existence  of  a  region  near  the  root  where  low  lift  coeffi¬ 
cients  give  an  attachment-line  position  approaching  the  nose  of  the  slat,  resulting  in 
much  reduced  values  of  R  compared  to  those  further  out.  For  the  case  illustrated  in 
Fig  5,  equation  (2)  gives  a  minimum  R  value  at  the  wing  root  of  about  250,  assuming 
U1  =  100  .  On  cruise  configurations  the  attachment  line  is  likely  to  be  near  the  section 

nose  over  most  of  the  span  and  so  large  reductions  in  R  near  the  root  due  to  movement 
of  the  attachment  line  will  not  occur.  In  practice  the  situation  is  more  complicated 
because  the  flov.’  near  the  root  is  highly  tl"'ee-dimensional  for  both  cruise  and  high-lift 
configurations  and  values  of  R  cannot  be  calculated  with  any  certainty  using 
equation  (2).  However,  this  difference  between  the  cruise  and  high-lift  flows  seems  a 
plausible  reason  for  the  absence  of  gross  contamination  in  the  present  tests  because,  as 
Gregory"*  graphically  shows,  turbulent  bursts  can  decay  very  rapidly  in  a  region  of  low  R  . 

As  gross  contamination  by  the  fuselage  boundary  layer  is  apparently  not  responsible 
for  initiating  transition  on  the  slat  of  M495  it  is  concluded  that  the  most  likely 
explanation  for  the  present  results  is  that  transition  is  initiated  by  small  disturbances 
originating  from  surface  roughness.  Referring  to  Figs  3  and  4  it  can  be  seen  that  for 
trip  wire  sizes  below  the  critical  value  of  (d/ij>)  =  2  ,  transition  occurs  first  at  large 
distances  from  the  trip,  which  is  consistent  with  what  seems  to  happen  in  the  present 
case,  though  the  results  cannot  be  related  quantitatively  because  the  trip  sizes  and 
locations  are  obviously  not  known  in  the  present  test.  Isolated  roughness  elements,  most 
likely  due  to  surface  damage  or  slight  movement  of  the  epoxy  resin  used  to  fill  the  sur¬ 
face  pressure  tube  grooves,  could  also  account  for  the  erratic  behaviour  of  the  boundary- 
layer  state  with  change  in  incidence.  As  the  attachment  line  moves  around  the  surface 
with  change  in  incidence,  it  would  encounter  roughness  elements  of  varying  sizes,  so 
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giving  rise  to  the  observed  switching  phenomenon.  The  results  of  Paisley  and  Poll  for 
the  tapered  cylinder  are  relevant  to  this  possibility.  They  showed  that  spanwise 
gradients  substantially  reduced  the  size  of  trip  wires  required  to  initiate  transition. 
Values  of  the  parameter  diji/dy  used  to  characterise  the  spanwise  gradient  achieved  in 

-4 

present  tests  were  close  to  the  typical  value  of  -0.5  x  10  used  by  Paisley  and  Poll. 

The  measured  variation  of  maximum  lift  with  Reynolds  number  for  M495  is  shown  in 
Fig  6.  This  result  is  interesting  as  it  clearly  shows  an  adverse  scale  effect,  the  maxi¬ 
mum  lift  increasing  with  increase  in  free-stream  Reynolds  number  up  to  about  9.5  x  106 

but  subsequently  falling  with  further  increase  to  14.5  x  10**.  The  overall  reduction  in 
maximum  lift  is  only  about  1%  but  the  repeat  measurements  made  at  most  Reynolds  numbers 
show  that  the  experimental  accuracy  was  much  better  than  this.  The  significance  of  this 
result  is  not  so  much  that  a  small  loss  of  maximum  lift  occurs  but  that  the  trend 
established  at  low  Reynolds  number  is  misleading  and  could  result  in  rather  more  signifi¬ 
cant  error*  in  extrapolating  this  data  to  full-scale  Reynolds  number.  Unfortunately,  the 
scope  of  this  investigation  was  not  detailed  enough  to  enable  a  positive  link  to  be 
established  between  the  adverse  scale  effect  on  maximum  lift  and  the  onset  of 
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attachment-line  transition.  However,  the  Reynolds  numbers  at  which  transition  was 
judged  to  be  complete  at  two  spanwise  station  (61%  and  82%  semi-span)  are  indicated  in 
Fig  6  and  these  show  good  correlation  with  the  variation  in  maximum  lift,  bearing  in 
mind  that  the  maximum  sectional  lift  coefficient  (which  might  be  expected  to  coincide 
with  the  position  of  the  onset  of  flow  separation)  occurs  at  around  78%  semi-span. 

4.4  Measurements  on  M477 

The  results  of  the  exploratory  investigation  using  model  M495  were  very  interesting 
and  provided  encouragement  for  a  more  comprehensive  series  of  measurements  using  a 
second  model,  M477.  This  was  not  fitted  with  a  leading-edge  high-lift  device  for  this 
test  series  and  the  measurements  were  made  near  the  attachment  line  of  the  plain-wing 
leading  edge.  It  was  expected  that  this  would  eliminate  some  of  the  problems  encoun¬ 
tered  in  the  earlier  tests,  especially  those  caused  by  the  closeness  of  the  attachment 
line  to  the  slat  heel  at  high  lift.  As  mentioned  above,  this  feature  of  the  flow  gave 
rise  to  some  problems  in  the  evaluation  of  and  it  was  suspected  that  it  was  also 

responsible  for  some  of  the  rather  puzzling  features  of  the  hot-film  gauge  signals.  A 
further  undesirable  feature  of  the  slatted  leading  edge  was  the  presence  of  the  slat 
brackets,  which  intruded  into  the  slat  heel  and,  at  high  lift,  probably  gave  rise  to  some 
local  distortion  of  the  attachment  line.  The  present  tests  were  also  conducted  in  a 
slightly  different  manner  to  the  earlier  ones,  attention  being  concentrated  more  on  con¬ 
ditions  near  maximum  lift.  Hot-film  data  was  therefore  only  recorded  at  two  incidences, 
10.6  and  12.6  degrees,  the  latter  being  close  to  that  for  maximum  lift.  Also,  because 
of  the  rather  chaotic  development  of  transition  with  incidence  in  the  earlier  tests 
(assumed  due  to  surface  roughness) ,  some  measurements  were  made  on  M477  with  trip  wires 
placed  across  the  attachment  line  so  providing  a  fixed  source  of  disturbance.  The  loca¬ 
tions  of  the  trip  wires  and  hot-film  gauges  are  indicated  on  the  sketch  of  the  wing  plan- 
form  shown  in  Fig  7.  The  gauges  were  again  located  in  the  lower-surface  boundary  layer 
aft  of  the  attachment  line.  Three  different  sizes  of  trip  wire  were  tried,  with  the 
intermediate  size  being  selected  to  give  a  non-dimensional  trip  diameter,  d/i|i  ,  of 
around  two  (a  large  disturbance)  at  intermediate  free-stream  Reynolds  numbers. 

4.4.1  Evaluation  of  R 

Values  of  R  were  calculated  using  equation  (2)  with  being  deduced  from  the 

measured  pressure  distributions,  again  assuming  a  spanwise  velocity  component  of 
Q^O  +  c )  sin  <t>  .  Fig  8  shows  typical  leading-edge  pressure  distributions  at  the  60% 
semi-span  station  for  two  values  of  incidence.  The  chordwise  pressure  measuring  posi¬ 
tions  are  indicated  and  show  that,  in  the  region  of  maximum  pressure  on  the  lower  surface, 
the  distribution  is  very  flat  and  relatively  few  data  points  are  available  from  which  to 
locate  the  attachment  line  and  compute  XJ^  .  However,  measured  pressure  distributions 

were  analysed  for  several  incidences  and  spanwise  positions  and  also  for  two  different 
sweep  angles  (the  sweep  of  this  model  can  be  varied)  and,  as  Fig  9  shows,  when  plotted 
against  chordwise  distance  the  computed  values  of  collapse  quite  well  to  a  single 

curve  which  is  in  good  agreement  with  the  results  of  a  two-dimensional  panel  method 
calculation  for  a  derived  two-dimensional  section.  In  fact,  the  mean  curve  derived  from 
the  measured  data  shows  a  systematic  difference  of  about  14%  from  the  theoretical  curve, 
which  represents  a  discrepancy  of  about  6%  in  R  .  Fig  9  shows  that  very  low  values  of 
U.j  ,  of  around  7.0,  are  achieved  at  high  lift  whereas  with  the  attachment  line  at  the 

nose  (not  shown  in  this  figure)  the  theoretical  value  is  in  excess  of  90,  which  is  typi¬ 
cal  of  the  values  expected  on  high-speed  or  cruise  configurations.  The  spanwise  distri¬ 
butions  of  R  based  on  the  computed  U1  values  are  shown  in  Fig  10  for  the  range  of 

free-stream  Reynolds  numbers  covered  in  the  tests  and  for  two  values  of  incidence.  The 
distributions  do  not  extend  right  to  the  root,  because  measured  pressures  were  not  avail¬ 
able  in  this  region.  Fig  10  shows  that  the  range  of  values  of  R  covered  in  the  tests 
extends  from  less  than  200  to  about  440  so  that,  according  to  the  infinite  swept -wing 

criterion,  a  full  range  of  flow  conditions  from  laminar  to  fully  turbulent  should  be 

found.  The  variation  of  R  across  the  span  is  again  due  to  the  combined  effect  of  wing 
taper  (which  affects  the  streamwise  Reynolds  number)  and  lift  variation  (which  determines 
U^.  Thus  the  increase  in  lift  with  distance  from  the  root  initially  has  a  stronger 
effect  than  the  taper  so  that  R  rises,  reaching  a  maximum  near  mid  semi-span  and  sub¬ 
sequently  falling  as  the  lift  reaches  a  peak  further  outboard  and  then  starts  to  fall  as 
the  tip  is  approached.  The  effect  of  ignoring  the  spanwise  variation  of  lift  is  shown 
for  the  middle  curve  of  Fig  10  by  a  broken  line  and  demonstrates  the  importance  of  this 
factor,  particularly  near  the  root.  Although  the  spanwise  variation  of  R  is  much  less 

for  M477  than  for  M495,  it  is  still  significant  and  on  the  evidence  of  Fig  10,  which 

suggests  a  rapid  reduction  in  R  as  the  root  is  approached,  it  might  well  cover  the 

range  from  values  appropriate  to  first-bursts  to  those  required  for  complete  turbulence 

2  - 

which,  accordinging  to  Poll  ,  is  given  by  fiR  ~  60  for  large  disturbance  to  detector 
spacing . 

4.4.2  Hot-film  signals 

A  large  number  of  hot-film  gauge  signals  were  recorded  and  tvpical  examples  from  the 

three  gauges  positioned  as  shown  in  Fig  7  are  reproduced  in  Fig  11.  This  data  was 
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obtained  at  an  incidence  of  10.6  degrees  for  a  range  of  free-stream  Reynolds  numbers, 
which  are  indicated  in  the  figure  along  with  the  corresponding  maximum  values  of  R  . 

Two  sets  of  data  are  shown,  one  in  which  transition  was  allowed  to  occur  naturally  and 
one  in  which  a  trip  wire  was  used  to  initiate  transition  (d/\j/  2.4).  The  total  duration 

of  the  signals  displayed  is  0.5  second  and  the  same  oscilloscope  sensitivity  of  5V/div 
was  used  for  most  of  the  results  except  for  the  Gauge  3  data  (no  trip)  at  the  three 
highest  Reynolds  numbers,  and  the  Gauge  1  data  (no  trip)  at  the  highest  Reynolds  number, 
where  2V/div  was  used. 

The  first  point  to  note  is  that  the  signals  are  very  easy  to  classify  because  of  the 
clear  progression  from  laminar  to  turbulent  flow,  without  this  some  of  the  signals  would 
be  quite  difficult  to  interpret.  There  is  little  problem  in  identifying  the  transitional 
signals,  the  development  of  turbulent  bursts  in  the  low  Reynolds  number  results  is  clear 
and,  at  higher  Reynolds  numbers,  a  similar  pattern  is  seen  but  with  laminar  regions  or 
bursts  disturbing  the  predominantly  turbulent  signal.  Comparison  of  the  two  sets  of  data 
shows  that  transition  is  complete  at  lower  values  of  R  with  the  trip  wire  in  place  but 
that  the  signal  from  the  inboard  gauge  (Gauge  1)  remains  transitional  at  the  highest  R 
value  of  387  when  no  trip  wire  is  used.  This  is  typical  of  the  results  obtained  and 
confirms  the  conclusion  drawn  from  the  M495  investigation,  that  the  fuselage-side  boundary 
layer  does  not  provide  an  effective  source  of  large  disturbance. 

One  very  interesting  feature  of  the  signals  shown  in  Fig  1 1  is  the  clear  evidence 
that  the  same  turbulent  bursts  can  be  identified  at  the  two  outboard  gauges,  Gauges  2 
and  3.  This  confirms  that  the  mechanism  observed  is  actually  attachment-line  transition 
as  the  convection  velocity  inferred  is  consistent  with  that  expected  for  an  eddy  being 
carried  in  the  attachment-line  boundary  layer  rather  than  by  the  approaching  stream.  In 
any  case,  because  of  the  favourable  pressure  gradient  between  the  attachment  line  and  the 
gauges,  the  only  other  possible  transition  mechanism  at  these  Reynolds  numbers  is  that  of 
cross-flow  instability  and  some  calculations  using  the  laminar  boundary-layer  method 

described  by  Beasley11  show  this  to  be  extremely  unlikely  in  the  present  tests.  An 
example  from  these  calculations  is  presented  in  Fig  12  and  shows  that,  at  the  position  of 
Gauge  2,  values  of  the  cross-flow  Reynolds  number,  x  >  barely  reach  40,  when  values  in 
excess  of  125  are  required  for  the  onset  of  transition. 

Returning  to  the  propagation  of  turbulent  bursts  between  the  two  outboard  gauge 
locations,  a  more  careful  examination  of  the  hot-film  records  revealed  that,  altnough 
most  bursts  observed  at  Gauge  1  at  low  Reynolds  number  did  not  appear  at  Gauge  2,  some 
bursts  could  be  confidently  identified  at  both  gauges.  Interestingly,  this  was  the  case 
for  both  the  forced  and  free  transition  results.  By  measuring  the  photographs  of  the 
hot-film  records,  the  average  speeds  of  the  leading  and  trailing  edges  of  the  bursts 
between  Gauges  1  and  2 ,  and  Gauges  2  and  3  were  determined  and  these  are  plotted  in 
Fig  13  against  the  mean  R  values.  Note  that  each  data  point  is  the  result  of  several 
measurements  of  transit  time  from  one  record.  Results  from  Refs  5  and  6  (for  infinite 
swept  wings)  are  included  in  the  form  of  mean  lines  through  the  data,  which  was  rather 
scattered.  The  present  measurements  of  burst  speed  between  Gauges  1  and  2  are  in  quite 
reasonable  agreement  with  the  earlier  results,  bearing  in  mind  the  scatter  of  the  data, 
but  consistently  higher  values  were  found  between  Gauges  2  and  3,  particularly  for  the 
leading  edges  of  the  bursts.  There  is  also  some  indication  in  Fig  13  that,  at  the  lower 

R  values,  the  bursts  grow  more  rapidly  between  the  outboard  pair  of  gauges  than  they  do 
between  the  inboard  pair.  Fig  10  shows  that  the  variation  of  R  about  the  position  of 
Gauge  2  is  nearly  symmetric,  the  values  at  Gauges  1  and  3  being  almost  equal,  and  this 
suggests  a  possible_dependence  of  the  burst  propagation  speed  on  the  sense  of  the  span- 
wise  variation  of  R  ,  as  this  is  the  only  thing  that  is  significantly  different  between 
the  inner  and  outer  wing.  This  variation  is  represented  by  d<|i/dy  and  additional  evid¬ 
ence  that  the  sign  of  this  parameter  could  be  important  was  provided  by  the  hot-film 
gauge  records,  which  showed  many  instances  where  not  all  of  the  turbulent  bursts 
apparent  at  Gauge  1  persisted  to  Gauge  2  but  all  of  those  seen  at  the  latter  gauge 
appeared  at  Gauge  3,  with  no  discernible  reduction  in  amplitude.  Examples  of  this 

behaviour  can  be  seen  in  Fig  11;  firstly,  at  4.55  »  10°  Reynolds  number  (with  trip)  many 
bursts  are  seen  at  Gauge  1  (R  =  236)  but  only  two  at  Gauge  2  (R  =  254)  and  both  of  these 
persist  without  obvious  attenuation  to  Gauge  3  (R  =  234);  secondly,  at  5.65  x  106  Reynolds 
number  (with  and  without  trip)  many  bursts  apparent  at  Gauge  1  (R  =  264)  do  not  persist 
to  Gauge  2  (R  =  283)  but  all  of  those  seen  at  Gauge  2  are  clearly  identifiable  at  Gauge  3 
(R  =  262).  These  results  suggest  that  the  transition  process  depends  not  only  on  the 
local  value  of  R  but  also  on  whether  it  is  increasing  or  decreasing  with  distance  along 
the  attachment  line.  The  behaviour  found  for  decreasing  R  (negative  di(i/dy)  is  sugges¬ 
tive  of  an  increased  sensitivity  to  disturbances  which  is  consistent  with  the  results  of 
8  9 

Paisley  and  Poll  '  for  aft-swept  tapered  cylinders.  Though  results  for  a  forward-swept 
cylinder,  discussed  in  Ref  9,  seem  to  show  that  the  sign  of  di|i/dy  had  little  influence, 
it  nevertheless  seems  plausible  that  positive  values  of  diji/dy  would  produce  the 
opposite  effect  and  reduce  the  sensitivity  to  disturbances.  If  this  conjecture  is 
correct  the  positive  values  of  di|;/dy  close  to  the  root  could  be  an  additional  factor 
in  preventing  the  fuselage-side  boundary  layer  from  initiating  transition.  The  variationof 
di(i/dy  across  the  span  for  M477  is  shown  in  Fig  14  and,  although  the  behaviour  close  to 
the  root  is  open  to  question,  the  trend  indicates  that  quite  high  positive  values  might 
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be  reached,  particularly  at  low  free-stream  Reynolds  numbers.  (Values  of  dijj/dy  of 

-4 

-0.5  x  10  were  found  by  Refs  8  and  9  to  give  significantly  increased  sensitivity  to 
disturbances . ) 

The  hot-film  signals  reproduced  in  Fig  11  illustrate  another  feature  that  was  found 
in  all  of  the  results  and  confirmed  the  trend  observed  in  the  M495  data  that,  as  R  was 
increased,  complete  transition  always  occurred  at  the  outboard  gauge  first  followed  by 
the  mid  semi-span  gauge  and  then  the  inboard  gauge.  On  the  other  hand  turbulent  bursts 
were  always  detected  first  at  the  inboard  gauge,  as  illustrated  by  tic  data  fo1' 

4.55  x  10°  Reynolds  number  (no  trip)  in  Fig  11.  Tne  deve iupment  oi  transition  across 
the  span  is  summarised  in  Fig  15.  The  presentation  adopted  is  trie  same  as  that  in  Figs  3 
and  4  where  R  is  plotted  against  d/i \>  ,  but  in  this  case  the  values  at  the  trip  posi¬ 
tion  (estimated  by  extrapolation)  are  plotted;  the  broken  lines  in  Fig  15  show  the  effect 
of  varying  free-stream  Reynolds  number  with  fixed  trip  and  detector  geometry.  Apart  from 
demonstrating  the  progression  of  transition  from  outboard  to  inboard  for  all  cases,  this 
figure  also  shows  that  this  'process  takes  place  over  a  change  in  R  at  the  trip  of 
between  25  and  45.  Although  there  is  quite  a  lot  of  scatter  in  the  results,  average 
values  of  R  at  the  trip  required  for  complete  transition  at  Gauges  1 ,  2  and  3  are  about 
300,280  and  270  respectively,  for  values  of  d/g >  greater  than  about  2. 

The  separation  between  the  trip  and  gauge  (i/ij))  for  most  of  the  data  shown  in  Fig  15 

2 

was  over  2000  so  that,  on  the  basis  of  the  infinite  swept-wing  results  of  Poll  shown  in 
Fig  4,  it  would  be  expected  to  collapse  virtually  to  a  single  curve.  Clearly  it  does  not 
do  so  and  there  is  an  evident  implication  that  this  is  due  to  the  spanwise  variation  of 
R  .  Using  the  values  of  R  at  the  individual  gauges  does  not  result  in  a  good  collapse 
of  the  data  either  but  by  plotting  ^max  <  the  largest  value  of  R  occurring  between  the 

trip  and  the  gauge,  quite  a  fair  collapse  is  obtained,  as  shown  in  Fig  16.  Insufficient 
data  was  acquired  in  the  present  tests  to  allow  a  detailed  comparison  with  Poll's 
measurements,  particularly  for  the  effects  of  varying  2,/iji  ,  but  the  level  of  agreement 
shown  in  Fig  16  for  d/<|<  $  2  is  quite  reasonable,  though  there  is  some  scatter  in  the 
present  data.  The  results  obtained  without  a  trip  show  larger  scatter  and  indicate  that  transi¬ 
tion  was  delayed  to  higher  values  of  R  (up  to  387)  but  these  were  still  much  lower  than  the 
values  found  by  Poll  of  around  700.  It  seems  likely  that  in  the  present  tests  disturb¬ 
ances  were  present  even  when  no  trip  was  used,  these  could  have  originated  either  from 
irregularities  in  the  surface  or  possibly  from  the  fuselage-side  boundary  layer.  In  the 
latter  case  it  is  supposed  that  the  initially  large  disturbances  would  be  mostly  damped 
out  in  the  region  of  low  R  close  to  the  root  but  that  some  residual  small  disturbances 
might  persist  and  eventually  initiate  transition. 

Comparison  of  the  present  data  for  the  'first-bursts'  condition  with  that  of  Poll 
(Fig  3)  is  subject  to  additional  uncertainty  because  of  differences  in  definition.  In 
the  latter  results  first-bursts  corresponds  to  one  burst  in  about  15  seconds  whereas  in 
the  M477  results  about  one  burst  per  second  is  used.  Nevertheless,  Fig  17  shows  that  the 
present  data,  again  using  Rmax  <  agrees  quite  well  with  the  infinite  swept-wing  results 
for  d/i)i  $  2  ,  even  including  the  effect  of  varying  l/ty  .  For  smaller  trip  sizes, 
however,  the  results  are  quite  different,  with  the  present  data  showing  the  R  required 
for  first-bursts  of  turbulence  to  be  almost  independent  of  trip  size.  The  conclusion  is, 
that  the  disturbances  present,  either  from  the  fuselage  boundary  layer  or  from  surface 
irregularities,  were  effectively  large,  though  Fig  16  shows  that  this  was  not  the  case 
as  far  as  conditions  for  complete  transition  were  concerned.  Another  point  illustrated 
by  Fig  17  is  that  first-bursts  were  always  detected  simultaneously  at  Gauges  2  and  3. 
Comparison  of  the  data  for  large  l/ty  in  Figs  16  and  17  shows  that  an  increase  in 

Rmax  ab°ut  is  required  for  the  change  from  first-bursts  to  complete  turbulence 

with  d/i|i  greater  than  two  and  about  80  when  no  trip  was  used.  This  compares  with 
corresponding  values  from  Poll's  data  of  about  55  and  85  respectively. 

The  first-bursts  data  from  Gauge  3  (the  outboard  gauge)  are  plotted  again  in  Fig  18 
but  here  the  values  of  R  at  the  trip  and  gauge  are  also  shown  and  the  tapered  cylinder 

g 

data  of  Paisley  is  included  as  well.  This  data  was  obtained  with  a  spanwise  gradient 
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di|i/dy  =  -0.4  x  io  which  is  similar  to  that  at  Gauge  3  in  the  present  tests.  The 
tapered  cylinder  results  seem  to  agree  with  the  present  data  rather  better  than  the 
infinite  swept  results  around  the  range  1.5  <  d/i(/  <  2  but  there  really  is  insufficient 

data  to  be  confident  that  this  is  the  case.  Values  of  R  at  the  trip  seem  to  give 
closer  agreement  with  the  tapered  cylinder  data  whereas  valuesof  R  compare  better 
with  the  infinite  swept  results. 

4.4.3  Laminarisation 

The  results  from  the  three  hot-film  gauges  positioned  across  the  wing  show  clearly 
that  attachment-line  transition  occurs  on  M477,  but  the  overall  force  measurements  show 
no  sign  of  the  expected  adverse  Reynolds  number  effect,  such  as  that  found  for  M495. 

This  is  illustrated  by  the  maximum  lift  variation  with  Reynolds  number  in  Fig  19  which 
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should  be  contrasted  with  the  M495  result,  Fig  6.  Some  surface  flow  visualisation  tests 
using  an  oil-flow  technique  suggested  a  possible  reason  for  the  absence  of  any  adverse 
scale  effect  on  the  overall  forces.  These  tests  showed  that,  at  high  lift,  the  laminar 
separation  bubble  just  aft  of  the  peak  suction  at  the  nose  persisted  to  the  maximum 
test  Reynolds  number  used.  The  clear  implication  of  this  is  that  transition  at  the 
attachment  line  was  followed  by  laminarisation  in  the  strong  favourable  pressure  gradient 
approaching  the  peak  suction  location.  The  possibility  of  laminarisation  has  been  con¬ 
sidered  in  other  studies  of  attachment-line  transition  but  generally  discarded  as 
unlikely;  for  example,  Poll  in  Ref  2  concludes  that  for  typical  cruise  configurations  at 
low  incidence,  laminarisation  can  only  occur  for  values  of  R  less  than  280,  which  is 
below  the  value  required  for  full  turbulence  at  the  attachment  line.  However,  in  some 
flight  and  wind-tunnel  tests  using  a  cruise  configuration  at  high  incidence, 
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Bertelrud  '  reports  finding  a  laminar  separation  bubble  when  the  attachment-line  flow 
was  turbulent  and  concludes  that  this  was  evidence  of  laminarisation. 

Following  the  observation  of  laminarisation  in  the  present  tests,  the  acceleration 
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parameter,  K  ,  discussed  by  Launder  and  Jones  in  this  context,  was  evaluated.  This 
parameter  is  given  by  K  =  v (du/dx) / (u2 )  for  two-dimensional  flows  and  Beasley11  and 

Poll15  suggest  that  it  might  be  relevant  in  three-dimensional  flows  if  evaluated  along  a 
streamline.  There  is  considerable  uncertainty  regarding  the  actual  values  of  K 
necessary  for  laminarisation  to  occur  but  Beasley  suggests  that  values  in  excess  of 

5  *  10  5  might  be  required  for  effective  laminarisation  and  Poll  give  6  *  10  5 .  However, 

he  suggests  that  significant  effects  might  occur  for  values  in  excess  of  3  x  10  5. 

Values  of  K  computed  from  the  pressures  measured  near  mid  semi-span  on  M477  are  plotted 
against  distance  from  the  attachment  line  for  an  incidence  of  12  degrees  and  a  range  of 
Reynolds  numbers  in  Fig  20.  The  values  of  K  suggested  by  Launder  and  Jones  as  relevant 
to  the  laminarisation  process  are  shown  on  this  figure  and  indicate,  along  with  the 
values  mentioned  above,  that  laminarisation  is  a  strong  possibility  on  M477.  However, 
the  distances  over  which  critical  values  of  K  are  maintained  must  also  be  a  factor  and 
the  values  involved  in  the  investigation  of  Ref  14  were  typically  ten  times  those  com¬ 
puted  for  M4 7 7 .  When  expressed  in  terms  of  the  boundary-layer  thickness  however,  the 
distances  in  the  present  experiment  were  actually  around  double  the  values  reported  in 
Ref  14. 

Additional  hot-film  gauges  were  installed  near  mid  semi-span  as  indicated  in  the 
sketch  in  Fig  21,  to  investigate  the  changes  in  boundary  layer  state  between  the  attach¬ 
ment  line  and  the  laminar  separation  bubble.  Because  of  the  large  change  in  flow  direc¬ 
tion  over  this  interval  it  was  first  established,  y  rotating  a  gauge  located  at  position 
C  by  90  degrees,  that  orientation  had  no  discernible  effect  on  the  fluctuating  component 

of  the  hot-film  signals,  confirming  the  result  found  by  Bertelrud13  for  similar  gauges. 
Examples  of  the  hot-film  signals  recorded  from  the  four  locations  (A  to  E  in  Fig  21)  are 
shown  in  Fig  21  for  five  values  of  Reynolds  number.  At  location  A,  close  to  the  attach¬ 
ment  line,  the  development  from  first-bursts  to  complete  turbulence  is  observed,  as 
previously.  At  the  second  lowest  Reynolds  number  the  turbulent  bursts  visible  at  A 
have  virtually  disappeared  at  B  and,  as  the  Reynolds  number  is  increased,  the  signal  at 
B  ,  although  taking  on  a  similar  character  to  the  turbulent  signal  at  A  ,  is  always  of 
lower  amplitude.  At  location  C  ,  near  the  peak  suction  position,  the  signal  is  laminar 
at  all  Reynolds  numbers.  The  single  example  of  a  signal  from  location  D  ,  in  the  adverse 
pressure  gradient  just  downstream  of  the  peak  suction  location,  is  also  laminar.  Data 
was  difficult  to  acquire  in  this  region  because  of  the  extreme  sensitivity  of  the  flow 
to  disturbances  caused  by  the  presence  of  the  hot- f 11  -  gauges.  ^ir.clly,  the  signal  from 
location  E  shows  that,  downstream  of  the  laminar  bubble,  the  flow  is  turbulent  even  at 
the  lowest  Reynolds  number,  as  expected.  These  hot-film  results  confirm  that  laminari¬ 
sation  occurred  in  the  strongly  accelerating  flow  between  the  attachment  line  and  the 
peak  suction  on  M477  up  to  the  maximum  test  Reynolds  number  available. 

5  CONCLUSIONS 

The  main  results  of  this  investigation  can  be  summarised  as  follows: 

(1)  Transition  in  the  attachment-line  boundary  layer  has  been  observed  on  two  typical 
high-lift  models  within  the  operating  envelope  of  the  Royal  Aerospace  Establishment 

5  metre  low-speed,  pressurised  Wind  Tunnel. 

(2)  The  results  show  important  differences  from  what  would  be  expected  on  the  basis  of 
existing  infinite-swept  wing  and  high-speed  results: 

(a)  Transition  was  not  in  general  stimulated  by  large  disturbances  generated  by 
the  fuselage-side  boundary  layer;  it  always  occurred  first  outboard,  moving  inboard 
with  increase  in  Reynolds  number.  It  is  suggested  that  the  low  sectional  lift 

coefficients  near  the  root  resulted  in  R  values  that  were  sufficiently  low  to  damp 
out  large. disturbances . 

(b)  In  the  absence  of  a  trip,  the  high  values  of  R  of  around  700  identified  by 
Poll  as  consistent  with  free  transition  were  never  approached,  although  some  laminar 
flow  was  found  at  R  values  of  nearly  500  on  one  model. 


(c)  There  were  significant  changes  in  R  across  the  span  which  arose  from  both  the 
spanwise  lift  and  chord  variations.  There  was  some  evidence  to  suggest  that  the 
sensitivity  of  the  attachment-line  boundary  layer  to  disturbances  was  greater  in 
regions  where  R  was  falling  than  in  regions  where  it  was  increasing. 

(3)  A  small  adverse  Reynolds  number  effect  on  maximum  lift  was  found  for  one  model, 
which  correlated  quite  well  with  the  establishment  of  turbulent  attachment-line  flow. 

No  such  effect  was  found  for  the  other  model  but  here  laminar isation  following  transition 
at  the  attachment  line  was  observed  up  to  the  highest  test  Reynolds  number  used. 

These  results  clearly  have  implications  for  sub-scale  wind-tunnel  testing  of  high- 
lift  models.  In  cases  where  attachment-line  transition  is  likely  at  model  scale,  fully 
turbulent  attachment-line  flow  is  to  be  expected  at  full  scale.  If  sufficiently  high 
values  of  R  are  achieved  in  tests,  then  the  use  of  large  trip  wires  might  result  in  more 
representative  results.  The  present  measurements  suggest  that  R  >  300  at  the  trip 
position  is  required  and  that  the  trip  size,  d/ty  ,  should  be  somewhat  greater  than  2, 
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as  suggested  by  Poll  .  The  position  of  the  trip  across  the  span  could  be  important  and 
the  best  location  (as  far  as  maximum  lift  measurements  are  concerned)  will  depend  on  the 
spanwise  variation  of  R  and  the  position  at  which  the  stall  originates.  However,  if 
laminarisation  following  attachment-line  transition  occurs  it  could  give  rise  to  a 
further  scale  effect  as  it  is  very  unlikely  to  persist  to  full-scale  Reynolds  number, 
particularly  for  large  civil  transport  type  aircraft.  For  example,  at  a  scale  corre¬ 
sponding  to  such  an  aircraft,  the  peak  values  of  K  (Fig  20)  for  M477  would  be  only 

about  3  »  1 0  ® .  It  is  difficult  to  see  how  full-scale  conditions  could  be  simulated 
accurately  in  tests  where  laminarisation  effects  are  significant  or  where  the  Reynolds 
number  is  too  low  for  a  turbulent  attachment-line  boundary  layer  to  exist.  However, 
there  is  as  yet  insufficient  information  to  establish  whether  and  under  what  conditions 
these  scale  effects  are  likely  to  give  rise  to  significant  differences  between  the  perfor¬ 
mance  of  high-lift  wings  measured  in  the  wind  tunnel  and  in  flight.  A  useful  objective 
for  further  work  would  be  to  establish,  using  modern  two-dimensional  calculation  methods, 
the  effect  on  maximum  lift  of  moving  transition  from  a  typical  high-lift  location  just 
downstream  of  the  peak  suction  to  the  attachment  line,  when  laminarisation  effects  are 
absent.  This  would  provide  an  estimate  of  the  maximum  size  of  the  scale  effect  to  be 
expected  in  a  particular  case  and  a  better  idea  could  be  arrived  at  if  the  state  of  the 
boundary  layer  at  and  downstream  of  the  attachment  line  were  known.  On  the  evidence  of 
the  present  investigation,  its  state  at  the  attachment  line  could  be  established  with 

some  confidence  from  the  calculated  R  distribution  in  many  cases  (if  trip  wires  were 
used)  but  downstream,  it  depends  on  the  extent  of  laminarisation  and  the  existing 
criterion  based  on  the  peak  value  of  the  acceleration  parameter,  K  ,  is  questionable  for 
high-lift  configurations. 
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Fig  1  Flow  in  the  vicinity  of  the  attachment 
line  on  a  swept  wing  (from  Ref  2) 
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Fig  3  Measurements  by  Poll  of  R  for  first 
burst  of  turbulence  on  an  infinite 
swept  wing 


Fig  2  Attachment-line  locations  for  cruise  and 
high-lift  configurations 
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Fig  4  Measurements  by  Poll  of  R  for  complete 
turbulence  on  an  infinite  swept  wing 
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Fig  21  Hot  film  gauge  signals  showing  lamina 
10.6  degrees  incidence 
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The  instability  of  an  attachment-line  boundary  layer  formed  on  a  swept  cylinder  in  a  supersonic 
freestream  is  considered  in  the  linear  regime.  The  supersonic  attachment-line  boundary  layer  is  shown  to  be 
susceptible  to  oblique  TS  wave  instability  which  may  be  controlled  by  wall  cooling.  The  critical  Reynolds 
number  based  upon  momentum  thickness  is  found  to  be  about  230.  The  onset  of  transition  in  the  attachment¬ 
line  boundary  layer  is  also  studied  using  the  eN  method  and  results  are  compared  with  the  experimental  data 
obtained  at  M„  =  3.5  in  the  absence  of  any  trips  or  spanwise  contamination. 

1.  Introduction 

The  understanding  of  the  stability  of  the  attachment-line  boundary  layer  is  of  fundamental  significance 
in  the  design  of  laminar  flow  control  wings  since  laminar  flow  cannot  be  maintained  on  the  wing  if  flow  along 
the  attachment  line  is  turbulent.  This  was  the  lesson  learned  in  both  the  X  -  21  (Pfenninger  [1])  and  British 
Handley  Page  (Gaster  [2])  LFC  programs  in  which  research  indicated  that  disturbances  originating  from  the 
wing/fuselage  junction  region  propagating  along  the  attachment-line  caused  premature  boundary  layer 
transition.  Since  that  time,  the  instability  and  onset  of  transition  in  this  boundary  layer  has  been  the  subject  of 
several  investigations  (e.g.,  Cumptsy  and  Head  [3],  Pfenninger  and  Bacon  [4],  Poll  [5]).  These  studies  have 
indicated  that  the  subsonic  attachment-line  boundary  layer  is  stable  to  small  amplitude  disturbances,  for 
momentum  thickness  Reynolds  numbers  up  to  about  230.  In  the  presence  of  sufficiently  large  trips  or 
"spanwise  contamination",  however,  transition  may  occur  for  values  of  Re  as  low  as  100. 

Theoretical  investigations  into  the  incompressible  infinite  swept  attachment-line  boundary  layer  have 
been  made  by  Hall,  Malik  and  Poll  [6]  and  Hall  and  Malik  [7].  In  [6],  linear  stability  of  two-dimensional 
disturbances  propagating  along  the  attachment-line  was  studied  for  the  "swept  Hiemenz  problem".  In  this 
case,  the  basic  flow  turns  out  to  be  an  exact  solution  of  the  Navier-Stokes  equations.  The  linear  stability 
equations,  without  the  parallel-flow  approximation,  were  solved  and  the  critical  Reynolds  number  was  found 
to  be  about  235  based  upon  momentum  thickness  along  the  attachment-line  which  is  in  good  agreement  with 
the  experimental  data.  Pfenninger  and  Bacon  [4]  measured  frequencies  of  naturally  occurring  small 
disturbances  at  various  values  of  the  Reynolds  number.  Comparison  with  the  theoretical  predictions  indicated 
that  the  experimental  results  lie  close  to  the  lower  branch  of  the  computed  neutral  curve.  Using  weakly 
nonlinear  theory  and  full  Navier-Stokes  calculations,  Hall  and  Malik  [7]  showed  the  existence  of  supercritical 
equilibrium  states  which  explained  why  the  flow  exhibits  a  preference  for  the  lower  branch  modes.  Hall  and 
Malik  also  found  subcritical  instability  at  wavenumbers  corresponding  to  the  upper  branch  of  the  neutral 
curve  which  explains  the  observed  spanwise  contamination  at  subcritical  Reynolds  numbers.  The 
calculations  of  Hall  and  Malik  were  restricted  to  two-dimensional  disturbances,  however,  for  large  amplitude 
disturbances,  there  is  further  need  to  study  interaction  with  oblique  waves  to  fully  understand  the  spanwise 
contamination  mechanism. 

The  theoretical  studies  of  the  attachment-line  boundary  layer  stability  to-date  have  been  for 
incompressible  flow.  Interest  in  supersonic  laminar  flow  control  is  on  the  rise  because  of  the  possible  large 
gains  in  aircraft  performance  and  range  [8].  It  is  therefore  of  both  fundamental  importance  and  practical 
significance  to  study  the  stability  of  flow  past  a  swept  wing  in  supersonic  flow.  In  this  paper,  we  study  the 
attachment-line  boundary  layer  that  forms  on  a  swept  cylinder.  The  basic  flow  is  obtained  by  first-order 
compressible  boundary  layer  theory.  Linear  stability  theory  is  then  used  to  investigate  oblique  TS  waves  in  the 
attachment-line  boundary  layer.  The  effect  of  wall  cooling  is  also  studied.  The  stability  results  are  then  used 
to  predict  boundary  layer  transition  and  comparison  with  an  experiment  performed  in  a  Mach  3.5  flow  is 
made.  The  problem  of  spanwise  contamination  is  not  addressed  in  this  study. 

2.  Basic  Flow  for  the  Infinite  Swept  Cylinder 

We  consider  supersonic  flow  (Moo  >  1)  of  air,  under  perfect  gas  conditions,  past  a  long  swept  cylinder  of 
diameter  D  and  sweep  angle  A  (Figure  1).  Let  x  be  the  surface  coordinate  in  the  normal  chord  direction,  y 
along  the  attachment  line  and  z  be  the  distance  normal  to  the  surface  of  the  cylinder.  If  the  upstream  tip  of  the 
cylinder  is  sharp  then  the  bow  shock  around  the  cylinder  is  attached  at  the  tip  and  the  flow,  in  general,  is 
three-dimensional.  However,  for  y/D  »  1,  the  shock  may  be  assumed  parallel  to  the  leading  edge  and  in  that 
case  normal  shock  relations  are  used  to  determine  the  flow  conditions  downstream  of  the  shock  in  the  z-plane 
containing  the  attachment-line.  Note  that  the  attachment-line  is  a  plane  of  symmetry  and  there  is  no  velocity 
component  normal  to  this  plane  at  x  =  0. 

In  figure  1,  the  free  stream  conditions  are  denoted  by  subscript  «  and  the  conditions  behind  the  shock 
(in  the  plane  of  symmetry)  by  subscript  1.  Here  we  are  concerned  with  sweep  angles  small  enough 
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so  that  Moo  cos  A  >  1.  Now  if  Mni  is  the  normal  Mach  number  behind  the  shock,  then  the  velocity  component 
normal  to  the  leading  edge  Wi  (see  figure  1)  may  be  written  as 


where 


■  cos 2  y\j/(  1  + 


The  velocity  Vi  is  the  same  as  V™  and  may  be  written  as 

V  =  Q„sin  A  (2-3) 

From  (2.1M2.3),  the  effective  sweep  angle  of  the  velocity  vector  behind  the  shock,  in  the  plane  of 
symmetry,  may  be  written  as 


Af„sin  \(  v— 1  !  \  (  y-1  2  „  3 

Aj=tan  • — - (^1  +  — g +  ~ i jj — Af.cos'  Aj 


In  the  absence  of  any  other  information,  wall  pressure  distribution  around  the  long  circular  cylinder, 
near  the  leading  edge,  may  be  assumed  to  be  given  by  the  modified  Newtonian  theory  as 

-£=cos20*+£(l-cos20*)  (25) 

where  8*  is  the  angular  separation  around  the  cylinder  from  the  attachment  line  in  a  plane  normal  to 
cylinder  axis,  p  is  the  local  wall  pressure  and  ps  is  the  pressure  obtained  by  stagnating  the  normal  Mach 
number  behind  the  shock.  The  results  of  reference  [9-10]  indicate  that  Equation  (2.5)  provides  a  reasonable 
distribution  of  pressure  around  the  leading  edge  of  the  cylinder  as  long  as  the  normal  Mach  number  is  greater 
than  2. 

Using  (2.5)  we  define  the  coefficient  of  pressure  cp  as 


p!  P,  -  1  V1  + 


cos2  0*+(l-cos2  8*) 


where  pi  is  freestream  pressure  behind  the  shock  and 

Qi 

V  ^tTi  (2.7) 

Now,  having  established  the  inviscid  flow  conditions  around  the  infinite-swept  cylinder,  we  proceed  to 
compute  the  viscous  flow  field  near  the  solid  boundary.  We  employ  first  order  boundary  layer  theory  to 
compute  the  flow  along  the  attachment-line. 

Computation  of  the  basic  flow  is  done  by  using  an  existing  compressible  boundary  layer  code  developed 
by  Kaups  and  Cebeci  [11]  for  swept  and  tapered  wings  with  wall  suction.  In  this  code,  three-dimensional 
compressible  boundary  layer  equations  are  solved  using  Keller  Box  scheme.  The  input  variables  include  Mi, 

Ai,  pi,  Ti,  cp,  etc.  More  detailed  information  may  be  found  in  reference  [11]. 

Knowing  the  free  stream  conditions,  therefore,  we  are  now  able  to  compute  the  boundary  layer  velocity 
profile  V  along  the  attachment  line  and  the  static  temperature  profile  T.  All  the  profiles  have  been  scaled  with 
local  boundary  layer  edge  values.  Typical  mean  flow  profiles  are  presented  in  figure  2  for  the  conditions:  M«,  = 

3.5,  A  =  60°,  and  R»,d  =  4.6xl05  where  Rm  D  —  (~v*)  &  .  The  local  edge  Mach  number  along  the  attachment 
line  is  computed  to  be  about  2.39.  The  computed  momentum  thickness  Reynolds  number 


where  0  =  J  pV ( 1-  V)dzys  318  which  corresponds  to  the  ratio  RJ^j R_  D  =.466  which  is  in  fair 
agreement  with  the  value  of  .455  obtained  (for  the  present  conditions)  from  the  relation  provided  by  Poll  [12]: 
£sinA  .407  -.052  In 

_  v,  1 ,  rzz - 


lUi-ilrjk  / p  du>)  f 

IT,  J  vwcoa\u.dxJ 

_  X=0. 


where  Tw  =  Taw,  r  is  the  recovery  factor  defined  as  r=  ( Tow  -  T,)/(T0  -  T,) ,  T0  the  stagnation  temperature 
before  the  shock  and  subscripts  w  and  e  refer  to  the  conditions  at  the  wall  and  boundary  layer  edge 
respectively.  The  above  relation  is  based  upon  the  calculation  of  Reshotko  and  Beckwith  [10]. 

The  abscisa  %  in  figure  (2)  is  defined  as 


where  q  is  the  similarity  length  scale  at  the  attachment  line  and  is  given  as 


(2.9) 
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r  v,  ~ 

^  dujdx 


x=o  (2.10) 

The  quantity  due/dx  appearing  in  Equation  (2.8)  and  (2.10)  may  be  obtained  from  the  Bemouli  equation 
and  the  pressure  distribution  given  in  (2.5)  as 

1/2 

Ddu,  2  r  2  f,  P-Y,  .  r- 1,,'..,!! 


U_  dx  Af_  cos  A 


y  —  1  2  ^ 

1+  — ~ — Af.cos2  A 
^  / 


The  similarity  variable  rj  may  also  be  used  to  define  a  Reynolds  number  R  as 


Using  (2.3),  (2.10)  and  (2.12),  the  relation  between  R  and  R_  D  is 
R  =  f  - - J  [r— 


sin  A  | 

cos  / 

(D_due\  1 

:/2  [ 

O 
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We  will  use  this  Reynolds  number  for  our  stability  calculations  below. 

Also  presented  in  figure  2  is  the  quantity  which  has  a  zero  within  the  boundary  layer 

signifying  the  presence  of  a  generalized  inflection  point.  The  presence  of  this  inflection  point  in  a  flat  plate 
boundary  layer  is  a  sufficient  condition  for  the  existence  of  amplified  inviscid  (subsonic)  disturbances  provided 
that  the  inflection  point  is  situated  above  the  location  in  the  boundary  layer  where  V  =  1  -  1/Me.  Viscous 
calculations  show  that  Tollmien-Schlichting  instability  is  present  in  compressible  flat  plate  boundary  layers 
with  most  amplified  disturbances  being  oblique.  It  is  reasonable  to  assume  then  that  the  attachment-line 
boundary  layer  will  also  be  subject  to  oblique  T-S  waves  and  this  is  the  question  we  address  in  the  next  section. 


Consider  the  stability  of  locally  parallel  compressible  boundary  layer  flow.  The  "locally  parallel  flow" 
assumption  is  the  same  as  used  in  the  derivation  of  the  Orr-Sommerfeld  equation  for  incompressible  flow.  We 
use  Cartesian  coordinates  x,  y,  z  where  x  is  in  the  chordwise  direction,  y  in  the  spanwise  direction  and  z  is 
normal  to  the  solid  boundary.  All  the  lengths  are  assumed  scaled  by  a  reference  length  l,  velocities  by  Ve, 

density  by  pe,  pressure  by  Prvc ,  time  by  2/Ve  and  other  variables  by  their  corresponding  boundary  layer  edge 

values.  For  the  attachment-line  boundary  layer  flow,  the  instantaneous  values  of  velocities  u,  v,  w,  pressure  p, 
temperature  t,  and  density  p,  may  be  represented  as 

(u  ,v,w)  =  [0,V  (z),0]  +  [u(z),v(z),w(z)]e‘iax*/*~“  °  (3  1) 

A  i(a  x  +  py  -a*  ) 

p=  P  +  p(z)e  (3  2) 

_  ,  .  .  i(ax  +  fh-a)t) 

t=  T(z)+  T(z)e  (3  3) 

p=p(z)+p(z)e  (34) 


fl—  ^  7*1  L  _  dk  rp 

dT  T’X  d.T  T,k  ~  dT  T 

where  (i  and  X  are  the  first  and  second  coefficients  of  viscosity,  k  thermal  conductivity  and  a,p  are  the 
wavenumbers  and  co  is  the  disturbance  frequency  which,  in  general,  are  all  complex.  In  temporal  stability 
theory,  a,  P  are  assumed  to  be  real  and  co  is  complex  while  the  converse  is  true  in  the  spatial  stability  theory. 

Substituting  equations  (3.1M3.4)  into  the  compressible  Navier-Stokes  equations,  it  can  be  shown  that  the 
linear  disturbances  satisfy  the  following  system  of  ordinary  differential  equations: 

(  AD  +  BD  +  C  =0  (3  5) 

where  ^  is  a  five-element  vector  defined  by 

A  A  A  '  „  T 

{u,v  ,  p,T  ,w  )  . 

Here  D  *  ,  while  A,  B,  C  are  5x5  matrices  whose  nonzero  elements  are  given  in  reference  [13]. 

The  boundary  conditions  for  Equation  (3.5)  are 

z  =  0;  =  06  =  0  (3  6) 

0  (3.7) 

The  above  linear  stability  equations  may  also  be  rewritten  as  a  system  of  first  order  equations 
dVi  *£ 

~dz  ~  aa  Yp  i  =  1.2, ...  8 


r,  =  v*  -  ^  v<  =  4>3, 


where 


(3.8) 
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.  d%  .  d% 

^v^'dT’^=^^-dr 

with  corresponding  boundary  conditions 

2  =  0;^=  V,=  %=  V,  =  0  (3.9) 

*  ¥»i.  ¥i.  v,  -*0  (310) 

The  coefficients  ajj  are  also  given  in  reference  [13]. 

Both  sets  of  the  equations  (3.5M3.7)  and  (3.8M3.10)  constitute  an  eigenvalue  problem  described  by  the 
complex  dispersion  relation 

P~  P(a,co)  (3.11) 

For  the  attachment-line  boundary  layer,  we  use  spatial  stability  theory  where  p  is  taken  as  complex 
while  both  a  and  to  are  real.  The  infinitesimally  small  disturbances  in  the  boundary  layer  grow  if  p;  <  0.  The 
disturbances  die  out  if  pj  >  0. 

We  use  the  numerical  methods  described  in  reference  [13]  to  solve  the  eigenvalue  problem  (3.11).  First, 
Equations  (3.5M3.8)  are  solved  by  using  a  global  method  which  yields  all  the  eigenvalues  of  the  discretized 
system.  Once  the  instability  is  found,  we  use  a  local  method  based  on  a  fourth-order  compact  difference 
scheme  and  Newton's  iteration  to  yield  the  eigenvalues  as  described  in  reference  [13]. 

We  have  performed  stability  calculations  for  the  infinite  swept  cylinder  case  discussed  in  the  previous 
section  for  =  3.5  and  A  =  60°.  The  results  are  presented  in  figures  3-5.  The  length  scale  H  is  taken  as  i  =  q 
where  the  similarity  length  q  is  given  by  Eq.  (2.10).  Figure  3  contains  the  results  for  spatial  growth  rates  -pi 

2; tv 

versus  the  dimensionless  frequency  F  for  various  TS  wave  orientations,  y.  Here  F  — — —f  (Hertz)  and 

V e 

=  tan  '(  a/  p) .  Computations  are  performed  at  two  Reynolds  numbers:  R  =  744  and  1290  ,  where  for  the 
present  conditions  R  -  1.2944  J  R_  D  ■  As  shown  in  the  figures  the  growth  rates  are  the  highest  for  oblique 
waves  with  wave  angles  in  the  range  of  50°  to  60°.  Figure  4(a)  shows  the  neutral  curve  for  oblique  TS  waves 
with  y  =  60°  in  the  frequency-Reynolds  number  plane.  The  critical  Reynolds  number  for  this  wave  angle  is 
about  640.  Using  Equation  (2.8)  and  (2.13),  the  momentum  thickness  Reynolds  number  at  the  critical  point  is 
about  230  which  is  quite  close  to  the  value  found  in  [6]  for  incompressible  flow.  Judging  from  figure  3(a),  the 
absolute  minimum  critical  Reynolds  number  will  be  somewhat  lower  for  other  wave  angles.  However,  it  is 
pointless  to  find  the  exact  value  for  the  present  parallel  flow  theory  since,  as  in  the  incompressible  case,  the 
critical  value  for  compressible  flow  would  be  expected  to  change  when  nonparallel  effects  are  included  in  the 
analysis.  A  hot  wire  placed  within  the  boundary  layer  under  supercritical  conditions  may  be  able  to  pick  up 
oscillations  that  correspond  to  the  range  of  unstable  frequencies  shown  in  figure  4(a).  In  figure  4(b)  the 
neutral  curve  in  the  phase  velocity-Reynolds  number  plane  is  presented.  It  is  noted  in  figure  4(b)  that  unstable 
waves  have  phase  velocities  in  the  range  of  0.5  to  0.6.  The  mean  velocity  along  the  attachment  line  at  the 
location  of  the  generalized  inflection  point  is  V  =0.53  (see  figure  2)  which  shows  that  the  critical  layer  is  in 
close  proximity  to  the  generalized  inflection  point,  not  a  surprising  result  in  view  of  the  experience  with 
compressible  flat  plate  boundary  layers.  The  computed  eigenfunction  for  mass  fluctuations  is  presented  in 

figure  5  for  a  wave  angle  of  60°,  R  =  800  ,  R_  D  =  3.8  x  106  and  F  =  .5  x  10  .  Both  the  normalized  amplitude 
and  phase  are  given  in  the  figure.  Since  the  computations  have  been  performed  using  the  linear  theory,  only 
the  shape  of  the  amplitude  function  is  relevant  and  it  should  correspond  to  the  rms  voltage  signal  obtained  by 
traversing  a  hot  wire  across  the  boundary  layer.  The  determination  of  the  phase,  of  course,  would  require  two 
hot  wires. 


The  effect  of  wall  cooling  is  shown  in  figure  6  where  growth  rates  for  V  =  60°  disturbances  are  presented 
for  Tw/Taw  =  1.0,  0.9,  and  0.8  at  R  =  1548  .  It  is  noted  that  moderate  cooling  significantly  stabilizes  the 
attachment-line  boundary  layer.  With  Tw/Taw  =  .8,  the  instability  almost  disappears  at  R  =  1548,  so  the 
critical  Reynolds  number  is  increased  by  more  than  a  factor  of  two.  Cooling  may  therefore  provide  an  effective 
means  of  controlling  the  attachment-line  boundary  layer.  However,  the  boundary  layer  thickness  decreases 
with  wall  cooling  and  it  may  become  more  sensitive  to  surface  roughness  resulting  in  subcritical  transition. 


Transition  experiments  on  a  swept  cylinder  model  have  been  performed  in  NASA  Langley’s  Mach  3.5 
pilot  nozzle  (see  e.g.,  Creel,  Malik,  Beckwith  [14]).  The  nozzle  has  boundary  layer  removal  slots  upstream  of 
the  throat  to  control  the  nozzle  wall  boundary  layer.  When  the  bleed  valve  is  closed,  then  the  tunnel  operates 
like  a  conventional  supersonic  nozzle  with  turbulent  wall  boundary  layers  which  radiate  acoustic 
disturbances  that  propagate  along  Mach  lines  resulting  in  high  noise  (rms  acoustic  pressure  fluctuations 
normalized  with  the  mean  static  pressure)  levels  (.15%-.6%)  in  the  nozzle  test  section.  However,  when  the 
bleed  valve  is  open,  the  nozzle  wall  boundary  layer  is  laminar  to  longer  distances  along  the  nozzle  wall, 
resulting  in  low  noise  levels  (~  .01%)  in  the  "quiet”  test  section. 

Experiments  were  made  in  this  nozzle  with  a  cylindrical  model  that  consisted  of  a  0.03-inch  thick 
stainless  steel  shell  with  1  inch  outside  diameter.  Both  ends  of  the  model  were  sealed  and  cut-off  parallel  to 
the  free-stream.  A  sting  attached  at  the  midspan  location  supported  the  model.  Chromel-alumel 
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thermocouple  wires  of  0.01-inch  diameter  were  spot  welded  to  the  inside  surface  of  the  shell  along  the  entire 
length  of  the  attachment-line. 

Thermocouple  results  in  the  form  of  recovery  factor  r  are  presented  in  figure  7  (derived  from  reference 

5 

[14]).  The  measured  recovery  factor  is  almost  constant  up  to  a  10  beyond  which  it  begins  to 

5 

increase  indicating  the  onset  of  transition.  The  value  of  8  x  10  at  transition  (in  low  disturbance 

5 

environment)  is  in  fair  agreement  with  0)  >  8  x  10  criteria  of  Bushnell  and  Huffman  [15]  and  the 

T 

range  of  R<*,d  values  for  the  (R  )T  ~  650  to  750  criteria  of  Poll  [16]  as  applied  to  the  present  conditions  [14].  A 
closer  look  at  the  complete  data  from  the  investigation  of  [14]  for  various  spanwise  locations  has  revealed  that 
transition  depends  upon  the  distance  from  the  cylinder  tip  and  that  it  occurs  at  <  8  x  10 5  at  distances  far 
enough  from  the  cylinder  tip.  This  suggests  that  the  data  used  in  the  correlations  of  [15]  may  not  have  been 
representative  of  large  enough  spanwise  distances  (v/D>>l'>  to  see  transition  for  smaller  values  of  R_  In 

[14],  no  attempt  was  made  to  determine  if  the  TS  instability  computed  in  Section  2  above  was  actually  present 
ii.  the  attachment-line  boundary  layer  prior  to  transition.  The  attachment-line  boundary  layer  is  rather  thin 
and  it  is  an  extremely  difficult  task  to  probe  the  boundary  layer  with  a  hot-wire  in  order  to  determine  if 
transition  is  preceded  by  small  amplitude  TS  waves.  In  any  case,  it  will  be  interesting  to  see  if  the  eN  method, 
which  is  based  upon  linear  amplification  of  small  amplitude  disturbances,  will  be  able  to  "predict"  transition 
in  the  attachment-line  boundary  layer.  We  address  this  question  in  the  next  section. 

5.  The  Case  of  Finite-Length  Cylinder:  Transition  Prediction 

In  conventional  application  of  the  eN  method  for  transition  prediction  in  flat  plate  boundary-layer  flow, 
for  example,  one  integrates  the  disturbance  amplification  along  a  path  described  by  the  flow  from  onset  of  the 
instability  to  the  onset  of  transition.  Thus,  for  application  of  the  method  to  the  attachment-line  boundary  layer 
for  a  given  flow  condition  CR«,,d),  disturbances  need  to  amplify  over  a  finite  distance  along  the  attachment-line. 
Since  the  length  over  which  the  disturbances  amplify  include  regions  near  the  tip  of  the  cylinder,  it  is 
important  to  compute  the  flow  for  a  finite-length  cylinder.  The  implication  here  is  that  for  any  R_  ,  the 
distance  from  the  tip  is  also  a  parameter  that  needs  to  be  considered  for  transition  in  attachment-line 
boundary  layers. 

The  flow  structure  near  the  tip  of  the  cylinder  is  complex  and  here  we  make  several  simplifying 
assumptions  to  compute  it.  First,  we  assume  that  the  flow  is  symmetric  about  the  forward  tip  of  the  cylinder, 
in  contrast,  the  forward  end  of  the  model  in  the  experiment  was  cut  parallel  to  the  flow.  In  order  to  compute 
the  inviscid  flow  we  have  essentially  assumed  that  the  end  is  actually  a  plane  of  symmetry.  By  this  very 
assumption,  we  may  have  lost  some  relevance  with  the  experimental  set  up.  However,  we  will  be  able  to 
account  for  the  effect  of  the  finite-length  cylinder  on  stability  and  transition.  Other  assumptions  include  no 
viscous/inviscid  interaction  and  no  variable  entropy  effects.  The  error  introduced  by  these  simplifying 
assumptions  is  not  known  at  this  time.  It  has  been  shown  by  Reshotko  and  Khan  [17]  that  entropy  swallowing 
effects  due  to  leading  edge  bluntness  could  significantly  alter  the  flow  instability. 

The  inviscid  flow  field  was  computed  by  Dr.  Anutosh  Moitra  by  using  an  Euler  code.  The  resulting  wall 
pressure  distribution  was  then  used  by  Drs.  Julius  Harris  and  Vinket  lyre  in  their  three-dimensional 
boundary  layer  code  to  compute  the  developing  attachment-line  boundary  layer  at  the  authors'  request.  The 
Harris-Iyre  code  uses  a  fourth-order  accurate  two-point  compact  difference  scheme  to  discretize  the 
compressible  boundary  layer  equations. 
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Calculations  were  made  for  M„  -  3.5,  A  =  60°,  and  R_  =  8.6  x  10  .  According  to  figure  7,  the  flow  is 
transitional  in  this  case. 


Disturbance  amplification  was  computed  at  several  locations  along  the  attachment-line.  The  solution 
was  obtained  by  solving  the  compressible  stability  equations  by  using  methods  described  in  Section  2.  At  each 

dp 

location  the  disturbance  growth  was  maximized,  i.e.,  the  condition  =  0  was  imposed.  Integration  of  the 

growth  rate  (  -  /J )  for  a  fixed  physical  frequency  was  then  carried  out  along  the  attachment-line  to  obtain 

y 

N  =  i  n(  A/  A 0)  =  -  J  ptdy 

(5.1) 

where  y0  is  the  location  along  the  cylinder  where  a  disturbance  of  a  given  physical  frequency  first  becomes 


unstable  and  Aq  is  the  unknown  disturbance  amplitude  at  that  location.  The  calculation  (5.1)  is  repeated  for 
several  different  values  of  disturbance  frequency.  The  results  are  presented  in  figure  8.  If  we  select  a  value  of 
N  =  10  for  estimation  of  transition,  then  the  curve  for  a  frequency  of  140  KHZ  first  crosses  this  line  leading  to  a 
transition  onset  value  of  y  ID  =•  8.  In  the  experiment,  the  flow  was  just  on  t’  e  verge  of  transitioning  to 

5 

turbulence  at  the  chosen  value  of  Rm  D  =  8.6  x  10  .  In  view  of  the  approximations  made  both  in  the 
computation  of  basic  flow  and  stability  equations,  the  agreement  with  the  experiments  is  fairly  good.  Figure  9 
and  10  contain  the  results  for  phase  velocity  cr  and  the  wave  angle  y  for  various  frequencies.  The  values  of  cr 
and  y  are  within  the  range  of  values  found  for  the  infinite  swept  cylinder  in  Section  3.  As  the  integration  is 
carried  out  for  a  given  frequency,  the  -wave  angle  only  slightly  changes  as  the  flow  approaches  to  the  infinite- 


swept  limit.  In  fact  for  this  boundary  layer,  a  fixed  wave  angle  calculation  would  yield  results  similar  to  those 
shown  in  figure  8. 


6.  Concluding  Remarks 

We  have  made  calculations  based  upon  compressible  linear  theory  to  study  the  stability  characteristics 
of  supersonic  swept  attachment-line  boundary  layer.  The  boundary  layer  is  subject  to  oblique  TS  wave 
instability.  Based  upon  parallel  flow  approximation,  the  critical  momentum  thickness  Reynolds  number  is 
found  to  be  about  230.  As  in  the  incompressible  case,  this  value  will  be  expected  to  change  when  nonparallel 
effects  are  included  in  the  analysis. 

The  stability  theory  is  used  to  predict  transition  location  along  the  attachment-line  and  the  results  are 
compared  with  experimental  measurements.  The  theoretical  results  are  in  qualitative  agreement  with  the 
experiment.  However,  no  direct  quantitative  agreement  is  implied  due  to  the  simplified  treatment  of  both  the 
basic  flow  and  stability  theory. 

It  must  be  pointed  '"at  fV,at  the  attachment-line  boundary  layer  is  known  to  exhibit  subcritical  transition 
according  to  previous  theoretical  calculations  for  incompressible  flow  and  experiments  in  subsonic  and 
supersonic  flow.  Therefore,  the  relevance  of  the  present  linear  theory  results  to  actual  practical  situations 
may  be  limited.  Even  in  the  absence  of  spanwise  contamination,  the  Reynolds  number  in  the  attachment-line 
boundary  layer  has  to  be  kept  low  in  order  to  achieve  laminar  flow  off  the  attachment-line. 

References 

1.  Pfenninger,  W.,  "Flow  Phenomena  at  the  Leading  Edge  of  Swept  Wings.  Recent  Developments  in 
Boundary  Layer  Research  -  Part  IV."  AGARDograph  97,  May  1965. 

2.  Gaster,  M.,  "On  the  Flow  Along  Swept  Leading  Edges,"  The  Aeronautical  Quarterly.  Vol.  XVIII,  Part  2, 
May  1967,  pp.  165-184. 

3.  Cumpsty,  N.  and  Head,  M.  R.,  "The  Calculation  of  the  Three-Dimensional  Turbulent  Boundary  Layer  - 
Part  III  -  Comparison  of  Attachment  Line  Calculations  with  Experiment,”  The  Aeronautical  Quarterly. 
Volume  XX,  May  1969,  p.  99. 

4.  Pfenninger,  W.  and  Bacon,  J.  W.,  "Amplified  Laminar  Boundary  Layer  Oscillations  and  Transition  at 
the  Front  Attachment  Line  of  a  45°  Flat-Nosed  Wing  With  and  Without  Boundary  Layer  Suction,"  Viscous 
Prag  Reduction,  ed.  C.  S.  Wells,  Plenum,  1969. 

5.  Poll,  D  T  A.,  "Transition  in  the  Infinite  Swept  Attachment  Line  Boundary  Layer,"  The  Aeronautical 
Quarterly.  Vol.  XXX,  1979,  pp.  607. 

6.  Hall,  P.,  Malik,  M.  R.  and  Poll,  D.  I.  A.,  "On  the  Stability  of  an  Infinite  Swept  Attachment-Line  Boundary 
Layer,"  Proc.  R.  Soc.  Lend..  A395,  1984,  pp.  229. 

7.  Hall,  P.  and  Malik,  M.  R.,  "On  the  Instability  of  a  Three-Dimensional  Attachment-L  n  Boundary  Layer: 
Weakly  Nonlinear  Theory  and  a  Numerical  Approach,"  J,  Fluid  Mechanics.  Vol.  163,  lbo6,  pp.  257. 

8.  Bushnell,  D.  M.  and  Malik,  M.  R.,  "Supersonic  Laminar  Flow  Control,"  Research  in  Natural  Laminar 
Flow  and  Laminar  Flow  Control,  NASA  CP-2487,  1987,  (Eds.:  J.  N.  Hefner  and  F.  E.  Sabo). 

9.  Beckwith,  I.  E.  and  Gallagher,  J.  J.,  "Local  Heat  Transfer  and  Recovery  Temperatures  on  a  Yawed 
Cylinder  at  a  Mach  Number  of  4.15  and  High  Reynolds  Numbers,"  NASA  TR  R-104,  1961. 

10.  Reshotko,  E.  and  Beckwith,  I.  E.,  "Compressible  Laminar  Boundary  Layer  Over  a  Yawed  Infinite 
Cylinder  with  Heat  Transfer  and  Arbitrary  Prandtl  Number,"  NACA  TN  3986,  1957. 

11.  Kaups,  K.  and  Cebeci,  T.,  "Compressible  Laminar  Boundary  Layers  with  Suction  on  Swept  and  Tapered 
Wings,"  J.  Aircraft.  Vol.  14,  1977,  pp.  661. 

12.  Poll,  D.  I.  A.,  "Leading  Edge  Transition  on  Swept  Wings,"  AGARD-CP-224,  1977,  pp.  21-1  to  21-11. 

13.  Malik,  M.  R.,  "Numerical  Methods  for  Hypersonic  Boundary  Layer  Stability,"  HTC  Report  No.  88-6,  1988. 

14.  Creel,  T.  R.,  Jr.,  Malik,  M.  R.  and  Beckwith,  I.  E.,  "Boundary-Layer  Instability  Mechanisms  on  a  Swept- 
Leading  Edge  at  Mach  3.5,"  SAE  Technical  Paper  Series  #  871858,  1987. 

15.  Bushnell,  D.  M.  and  Huffman,  J.  K„  "Investigation  of  Heat  Transfer  to  a  Leading  Edge  of  a  76°  Swept  Fin 
With  and  Without  Chordwise  Slots  and  Correlations  of  Swept  Leading-Edge  Transition  Data  for  Mach  2  to 
8,"  NASA  TM  X- 1475,  December  1967. 

16.  Poll,  D.  I.  A.,  "Transition  Description  and  Prediction  in  Three-Dimensional  Flows,"  AGARD-R-709,  June 
1984. 

17.  Reshotko,  E.  and  Khan,  M.  M.  S.,  "Stability  of  the  Laminar  Boundary  Layer  on  a  Blunted  Plate  in 
Supersonic  Flow,"  Laminar-Turbulent  Transition.  (Editors:  R.  Eppler  and  H.  Fasel),  Springer-Verlag, 
New  York,  1979. 


The  authors  would  like  to  thank  Drs.  Anutosh  Moitra,  Vinket  lyre  and  Julius  Harris  for  computing  the 
basic  flow  for  the  finite-length  cylinder.  The  work  of  the  first  author  was  supported  under  contract  NASl- 
18240. 


0  1  2  3  1  S  6 


Figure  2.  Computed  mean  flow  velocity  and  static 
temperature  profiles  in  the  attachment  line 
boundary  layer  for  A  =  60°  and  adiabatic 
wall  temperature.  The  generalized 
inflection  point  (location  where 


K  (b)  R  -  1290 

Figure  3.  Spatial  growth  rates  for  the  attachment  line  Figure  3.  Concluded, 

boundary  layer. 
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Figure  4.  Neutral  curves  for  60°  oblique  TS  wave. 


Figure  4.  Concluded. 


Figure  5.  Computed  mass  fluctuation  eigenfunction  Figure  6.  Effect  of  wall  cooling  on  growth  rates  for  60° 
for  a  60°  oblique  TS  wave  at  R  -  800  and  oblique  TS  waves  at  R  =  1548  . 
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Figure  7.  Observed  transition  in  the  attachment-line  boundary 
layer  in  the  absence  of  trips. 


Figure  8.  Integrated  growth  of  various  fixed  fre¬ 
quency  disturbances  in  the  attachment¬ 
line  boundary  layer,  Af_=3.5,  rt  =  60°, 

D  =  8.6  x  10  d  =  1  inch. 


Figure  9.  Phase  velocity  for  the  disturbances  of  Figure  8 


Figure  10.  Wave-angle  for  the  disturbances  of  Figure  8. 
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TRANSITION  PAR  CONTAMINATION  OE  BORD  D  ATTAQUE 
EN  ECOULEMENT  HYPERSONIQUE 

LEADING  EDGE  TRANSITION  BY  CONTAMINATION 
IN  HYPERSONIC  FLOW 

*  *  *  *  *  * 
J.L.  ua  Costa  D.  Aymer  de  la  ChevaUne  T.  Alziary  de  Roquefort 

Laboratoire  d'Etudes  Aerodynamique s  (URA  CNRS  DU332) 

Centre  d'Etudes  Ae rodynaaique s  et  Themiques 
43,  rue  de  1 '  Aerodrome  -  B6000  POITIERS,  France 


Resume 


On  presente  une  etude  exper imentale  de  la  transition  par  contamination  de 
bord  d'attaque  en  ecoulement  hyper sonique ,  Les  essais  sont  effectues  sur  un  cylindre 
de  section  circulaire,  positionne  avec  une  fleche  de  74  degres  sur  une  plaque  plane 
placee  a  incidence  nulle  dans  un  ecoulement  a  Mach  7,1.  Une  couche  limite  incidente, 
soit  laminaire,  soit  turbulente  peut  etre  produite  a  1 ' emplanture  du  cylindre.  La 
pression  et  les  flux  de  chaleur  sont  mesures  le  long  de  la  ligne  d ' attachement .  La 
transition  est  detectee  par  une  augmentation  du  nombre  de  Stanton.  Le  cylindre  peut 
etre  refroidi  par  de  1' azote  liquide  pour  tester  1 ‘ inf luence  de  la  temperature  de 
paroi.  Les  resultats  sont  compares  de  fagon  assez  satisf aisante  avec  les  predictions 
deduites  du  critere  de  POLL. 


S  umma r v 

An  experimental  study  of  transition  by  attachment  line  contamination  in 
hypersonic  flow  is  presented.  Experiments  are  carried  out  on  a  swept  circular 
cylinder  fitted  with  streamwise  end  plates  at  Mach  number  7.  1.  The  sweep  angle  is  74 
degrees.  Pressure  and  heat  fluxes  are  measured  along  the  attachment  line.  The 
occurrence  of  transition  is  detected  by  an  increase  of  the  Stanton  number.  The 
cylinder  can  be  cooled  by  liquid  nitrogen  allowing  to  test  the  influence  of  wall 
temperature.  Either  a  laminar  or  turbulent  incoming  boundary  layer  can  be  achieved  at 
the  cylinder  base.  Results  compare  favourably  with  the  predictions  given  by  POLL'S 
cri ter  ion . 


NOTATIONS 

Cp  Chaleur  specifique  a  pression  constante 

D  Diametre  du  cylindre 

Kp  Coefficient  de  pression 

M  Nombre  de  Mach 

P  Nombre  de  Prandtl 

P  Pression 

R  Nombre  de  Reynolds 

R  Parametre  de  similitude  defini  par  (3) 

— * 

R  Parametre  de  similitude  transforme  defini  par  (7) 

St  Nombre  de  Stanton  defini  par  (4) 

T  Temperature 

* 

T  Temperature  de  reference  definie  par  (6) 

Tr  Temperature  de  recuperation 

u  Vitesse  suivant  1 ’ axe  x 

U  Vitesse  de  1’ ecoulement  inf ini  amont 

v  Vitesse  suivant  1 ’ axe  y 

x  Coordonnee  sur  le  cylindre  normale  a  la  ligne  de  partage 

y  Coordonnee  le  long  de  la  ligne  de  partage  (fig. 1 ) 

q  Echelle  de  longueur  definie  par  1 ' eq .  2 

A  Angle  de  fleche 

p  Masse  specifique 

♦  Flux  de  chaleur 


*  t 


*  *  * 
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Indices 


t  Conditions  generatrices 

••  Conditions  a  1‘  inf  ini  amont 

e  Conditions  a  la  frontiere  externe  de  la  couche  limite 

p  Conditions  a  la  paroi 


1 .  INTRODUCTION 

La  transition  de  la  couche  limite  est  un  phenomene  tres  important  dans  la 
conception  d'un  vehicule  hypersonique.  En  effet  l'apparition  de  la  transition  sur  la 
ligne  d ' attachement  au  bord  d'attaque  d'une  aile  en  fleche  provoque  une  augmentation 
du  flux  de  chaleur  et  a,  par  consequent,  un  impact  important  sur  la  conception  du 
systeme  de  protection  thermique  [1],  En  outre,  la  transition  risque  de  contaminer  la 
majeure  partie  de  la  couche  limite  sur  la  surface  de  l'aile,  et  ceci  peut  affecter 
l'efficacite  des  gouvernes . 

Malgre  de  nombreuses  etudes,  il  subsiste  un  decalage  considerable  entre  les 
formulations  empiriques  utilisees  pour  correler  1 'apparition  de  la  transition  et  les 
etudes  th£oriques  fondamentales  [2],  [3].  Cette  situation  peut  etre  expliquee  par  le 
fait  qu'il  est  tres  difficile  d'effectuer  des  mesures  a  l'interieur  d'une  couche 
limite  hypersonique  transitionnelle  ou  turbulente .  Les  souffleries  hypersoniques 
conventionnelles ,  a  basse  enthalpie,  permettent  d'obtenir  des  nombres  de  Reynolds 
relativement  eleves,  grace  a  la  faible  temperature  statique  de  1 ’ ecoulement  non 
perturbe.  Malheureusement  1‘epaisseur  physique  de  la  couche  limite  est  tres  souvent 
si  faible  que  toute  mesure  par  des  moyens  classiques  comme  des  tubes  de  pitot  ou  des 
fils  chauds  est  extremement  difficile.  La  plupart  des  techniques  experimentales  qui 
ont  permis  de  mettre  en  evidence  et  de  comprendre  les  differents  mecanismes 
conduisant  de  1 ' instability  a  la  transition  en  ecoulement  incompressible,  sont 
ir.utilisables  ou  ambigiies  en  ecoulement  hypersonique.  En  consequence,  la  transition 
est  generalement  detectee  indirectement ,  par  exemple,  par  une  augmentation  du  flux  de 
chaleur  a  la  paroi. 

II  a  ete  constate  au  debut  des  annees  1960  que,  au-dessus  d'une  vitesse 
critique,  la  couche  limite  sur  une  aile  en  fleche  etait  turbulente  sur  la  majeure 
partie  de  celle-ci,  incluant  la  ligne  de  partage  elle-meme.  Auparavant,  on  pensait  en 
general  que  1' apparition  de  la  transition  pres  du  bord  d'attaque  etait  causee  par 
1 ' instability  transversale  associee  au  caractere  fortement  tr idimensionnel  de  la 
couche  limite  sur  une  aile  en  fleche.  Les  travaux  de  PFENNINGER  [4]  et  GASTER  [5]  ont 
conduit  a  la  conclusion  que  la  turbulence  le  long  de  la  ligne  d ' attachement  est 
causee  par  la  contamination  turbulente  en  envergure  issue  de  1 ' emplanture .  Des 
recherches  plus  systematiques  ont  ete  effectuees  par  CUMPSTY  et  HEAD  [6]  et,  plus 
tard,  par  POLL  [7,  8]  en  utilisant  la  maquette  de  CUMPSTY  et  HEAD  [6]  et  une  sonde  a 
fil  chaud  a  temperature  constante,  pour  dytecter  la  transition.  Cette  etude  a  permis 
a  POLL  d'introduire  un  nouveau  critere  de  transition,  maintenant  bien  connu,  base  sur 
un  nombre  de  Reynolds  de  similitude  pour  1’ ecoulement  sur  la  ligne  d ' attachement .  Par 
la  suite,  POLL  [9]  [10]  a  e .endu  ce  critere  de  transition  aux  6coulements 
compressibles . 

Un  examen  des  recherches  anterieures  en  ycoulement  supersonique  fait 
apparaitre  que,  a  l'origine,  les  experimentateurs  etaient  principalement  interess£s 
par  le  transfert  de  chaleur  le  long  de  la  ligne  de  partage  et  par  son  Evolution  en 
fonction  de  l'angle  de  fleche  et  du  nombre  de  Mach.  II  semble  que  certains  d'entre 
eux  n'aient  pas  eu  conscience  de  la  possibility  d’une  transition  apparaissant  sur  la 
ligne  d ' attachement .  Un  travail  important  a  ete  ryalisy  par  BECKWITH  et  GALLAGER 
[11]  sur  un  cylindre  de  section  circulaire  a  un  nombre  de  Mach  de  4.15  pour  des 
angles  de  fiyche  variant  entre  0*  et  60’ .  Une  revue  des  resultats  existants  a  ete 
presentye  en  1965  par  TOPHAM  [12]  conduisant  4  un  critere  basy  sur  le  nombre  de 
Reynolds  construit  avec  l'epaisseur  de  quantite  de  mouvement  longitudinale  (R8  =  130 
pour  le  debut  de  la  transition  et  R8  =  450  pour  une  couche  limite  completement 
turbulente).  D'autres  etudes  experimentales  ont  ete  effectuees  par  BRUN,  DIEP  et  LE 
FUR  [13]  4  un  nombre  de  Mach  de  2.42,  et  par  BUSHNELL  et  HOFFMAN  [14]  4  un  nombre  de 
Mach  de  2  4  8  pour  un  angle  de  fleche  de  76’.  En  1980,  une  etude  detaillee  a  et4 
realisye  par  YEOH  [15]  pour  un  nombre  de  Mach  variant  de  1.7  4  2.4,  en  utilisant  une 
jauge  4  film  chaud,  pour  caractyriser  l'etat  de  la  couche  limite.  L' influence  d'une 
couche  limite  incidente  comme  source  possible  de  perturbations  importantes,  a  yte 
dymontree,  ainsi  que  1' importance  de  la  difference  entre  le  cylindre  inf ini  en  fldche 
et  le  modyie  d' envergure  finie. 


2.  ECOULEMENT  LAMINAIRE  SUR  UN  CYLINDRE  EN  FLECHE 

Considerons  un  cylindre  infini  en  fleche  place  dans  un  ycoulement  uniforme 
supersonique,  de  nombre  de  Mach  amont  M~ .  A  est  l'angle  de  fl4che  et  nous  utiliserons 
le  systyme  de  coordonnyes  reprysenty  sur  la  figure  1.  L'axe  y  coincide  avec  la  ligne 
de  partage.  Son  origine  est  4  1' emplanture  du  cylindre.  L'axe  z  est  normal  4  la 
paroi.  L'axe  x,  le  long  de  la  corde,  compiyte  le  triydre  direct. 
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Tour  un  gaz  parfait,  le  nombre  de  Mach  Me  exterieur  a  la  couche  limite,  le 
long  de  la  ligne  d ' attachement ,  peut  etre  aisement  calcule  en  fonction  du  nombre  de 
Mach  amont  et  de  1' angle  de  fleche 


(  1  ) 


1  +  M^  cos?  A 


Pour  une  temperature  de  paroi  constante,  les  equations  de  couche  limite 
laminaire  admettent  des  solutions  de  similitude  calculees  par  BECKWITH  [16]  dans  le 
cas  d ' un  gaz  thermiquement  parfait  avec  un  nombre  de  Prandtl  constant  de  0.7  et  la 
loi  de  viscosite  de  Sutherland. 


One  echelle  de  longueur  n  caracteistique  de  l'epaisseur  de  la 
est  definie  par  : 


couche 


limite 


n 


V 

e 


1 

J 

X=04 


1/2 


Un  nombre  de  Reynolds  caracter istique  pour  1’ ecoulement  le  long  de  la  ligne 
de  partage  est  defini  par 


-  nVe 

(3)  R  =  — - 

v 


En  prenant  en  compte  les  valeurs  calculees  par  BECKWITH,  le  nombre  de  Stanton  defini 
par 


(4) 


St  = 


p  v„  C  (T  -  T  ) 
e  e  p  r  p 


peut  etre  evalue  au  moyen  de  1 ' approximation  proposee  par  POLL  [17] 


{ 5  ) 


St  = 


0.571 
J>  2'3  R 


qui  donne  une  erreur  inferieure  a  143>  pour  une  couche  limite  laminaire. 


3 .  CRITERE  DE  POLL 


L' etude  la  plus  complete  de  la  transition  sur  la  ligne  d ' attachement  a  ete 
menee  par  POLL  [7,  8]  sur  un  cylindre  en  fleche  en  ecoulement  incompressible.  Les 
resultats  conduisent  au  critere  suivant 

pour  un  cylindre  lisse  non  perturbe,  la  transition  est  le  resultat  de 
1 ' ampl if ication  de  petites  perturbations  deja  presentes  dans  1' ecoulement  _amont 
conduisant  a  des  ondes  de  perturbation  bidimensionnelles ,  qui  apparaissent  si  R>570 
et  sont  convectees  vers  l'aval  jusqu'a  ce  qu'elles  degenerent  en  spots  turbulents .  Le 
probleme  de  stabilite  lineaire  cor respondant  a  ces  ondes  de  type  Tollmien 
Schlichting  a  ete  etudie  par  HALL,  MALIK  et  POLL  [18]. 

pour  les  fortes  perturbations  induites,  par  exemple,  par  un  fil  de  grand  diametre 
place  perpendiculairement  a  la  ligne  d ' attachement ,  la  turbulence  est  declenchee 
immediatement  par  le  fil  et  subsiste  en  aval  si  R>245. 

Les  resultats  obtenus  en  vol  semblent  correspondre  a  une  valeur  critique  de  R 
voisine  de  250.  II  est  clair  que  cette  situation  ne  peut  etre  interpretee  come  le 
resultat  de  1 ' amplification  de  petites  perturbations  dans  le  cadre  de  la  theorie  de 
la  stabilite  lineaire.  Par  contre,  la  couche  limite  du  fuselage  , surtout  si  elle  est 
turbuler.te,  peut  etre  consideree  come  une  source  de  fortes  pertubations ,  declenchant 
la  transition.  La  turbulence  peut  alors  subsister  le  long  du  bord  d'attaque  si  R>250. 
Les  resultats  obtenus  par  POLL  [19,  8]  confirment  qu ' une  couche  limite  turbulente  a 
l'emplanture  se  comporte  comme  une  source  de  fortes  perturbations. 

Dans  le  cas  de  1' ecoulement  compressible  avec  une  forte  contamination,  POLL 
[9]  a  montre  que  les  donnees  disponibles  peuvent  6tre  correlees  avec  une  valeur 
simple  du  parametre  de  similitude  de  la  ligne  de  partage  R,  a  condition  que  la 
viscosite  cinematique  soit  evalu^e  a  une  temperature  de  reference  T  Cette 
temperature  de  reference  a  £te  d^terminee  de  maniere  a  correler  les  donnees  de 
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transfert  de  chaleur  et  de  frottement  turbulent  sur  la  ligne  d ' attachement  (voir 
reference  [17]) . 

(6)  T*  =  T  +  0 .  1  ( T  -  T  )  +  0 . 6  ( T  -  T  ) 

e  p  e  re 


L'ecoulement  sera  turbulent  en  presence  de  fortes  perturbations  si 

1/2 

(7)  R~  =  |  - ^  |  >  245 

_ e_ 

dx 


4.  ETUDE  EXPERIMENT ALE 

4.1.  Description  de  la  maquette 

One  etude  experimental  de  la  transition  sur  une  ligne  de  partage  a  ete 
effectuee  a  M~  =  7 . 1  dans  une  soufflerie  hypersonigue  (Diametre7 de  veine  210  mm)  avec 
un  nombre  de  Reynolds  unitaire  variant  entre  6.10°/m  et  3.4  '\0  /m.  Deux  cylindres  de 
section  circulaire,  ayant  les  caracteristiques  suivantes ,  ont  ete  utilises  avec  un 
angle  de  fleche  de  74*. 


modele  1 

modele  2 

D  mm 

20 

15 

y  max/D 

1 1 

14 

r-d 

1.2  10s  <  -  <  6.8  10s 

10s  <  -  <  5.1  10s 

Ces  maquettes  sont  montees  sur  des  plaques  planes  sans  incidence  de  longueur 
L=30 ,  95,  230  ou  313  mm  pour  le  modele  1,  et  L=115,  250  ou  333  mm  pour  le  modele  2 
Le  nombre  de  Reynolds  base  sur  les  conditions  de  1‘ ecoulement  amont  et  la  longueur  L 
entre  le  bord  d'attaque  de  la  plaque  et  la  base  du  cylindre  satisfait 

1.8  105  <  RL  <  107 

ce  qui  permet  d'obtenir  a  la  base  du  cylindre  une  couche  limite  laminaire  ou 
turbulente . 

Dans  la  suite,  nous  utiliserons  des  longueurs  rendues  sans  dimension  par  le 
diametre  du  cylindre.  Nous  definissons  ainsi  une  longueur  de  plaque  plane  reduite 
L/D,  et  une  coordonnee  reduite  le  long  de  la  ligne  de  partage  y/D. 

4.2.  Technique  experimental 

La  transition  est  detectee  indirectement  par  une  augmentation  du  nombre  de 
Stanton.  Le  transfert  de  chaleur  est  mesure  avec  la  technique  de  la  "peau  mince"  en 
utilisant  un  cylindre  creux  ayant  une  epaisseur  de  paroi  de  . 5  ou  1  mm  et  des 
thermocouples  chromel  alumel  d‘un  diametre  de  0.08  mm  soudes  sur  la  surface  interne 
du  modele  par  une  decharge  electrique.  La  technique  transitoire  de  la  peau  mince  a 
ete  choisie  en  raison  de  sa  bonne  precision  et  de  la  facilite  de  fabrication  de  la 
maquette  avec  une  surface  tres  lisse. 

Comme  le  montre  la  figure  2,  la  maquette  est  injectee  dans  la  veine  d'essai 
par  un  verin  pneumatique  apres  amorgage  de  la  soufflerie.  La  duree  totale  de 
1' injection  de  la  maquette  dans  l'ecoulement  est  inf^rieure  a  0,15  seconde.  La  dur£e 
correspondant  au  deplacement  de  la  maquette  dans  la  veine  d'essai,  est  inferieure  4 
0,05  seconde.  La  figure  3  montre  un  enregistrement  typique  obtenu  lors  d'un  essai. 
Elle  represente  la  variation  de  la  temperature  mesuree  au  cours  du  temps  et  la  pente 
a  l'origine  est  directement  liee  au  flux  de  chaleur. 

Pour  tester  1' influence  de  la  temperature  de  paroi,  la  maquette  peut  &tre 
refroidie  avec  de  1 ' azote  liquide  avant  injection  dans  l'ecoulement.  Dans  ce  cas, 
evidemment,  il  est  essentiel  de  prendre  en  compte  la  variation  avec  la  temperature  de 
la  chaleur  specif ique  de  1 ' acier  utilise  pour  la  fabrication  de  la  maquette. 

4.3.  Mesures  de  pression  et  gradient  de  vitesse  transversal 

En  raison  des  . . iques  planes  sur  lesquelles  sont  positionnes  les  cylindres, 
l'ecoulement  autour  de  la  maquette  est  completement  tridimensionnel  au  voisinage  de 
l'emplanture  et  depend  de  la  coordonnee  y.  La  visualisation  str ioscopique  de  la 
figure  4  montre  que  la  distance  de  detachement  de  1 ' onde  de  choc  augmente 
r£guli4rement  le  long  de  la  ligne  de  partage.  Ceci  suggdre  que  l'etat  asymptotique 
correspondant  au  cylindre  inf ini  n’est  atteint  que  pour  des  distances  reduites  y/D 
de  1 ' ordre  de  10  . 
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Ces  visualisations  str ioscopiques  ont  ete  confirmees  par  une  6tude  numerique, 
basee  sur  la  resolution  des  equations  d' EULER  au  moyen  d'une  m^thode  d' elements 
finis,  dont  les  resultats  sont  represents  sur  la  figure  5. 

La  _longueur  caracter istique  n  definie  par  (2)  et  done  le  parametre  de 
similitude  R  de  la  ligne  d ' attachement  dependent  du  gradient  de  vitesse  le  long  de 
la  corde.  Cette  valeur  peut  etre  obtenue,  soit  avec  le  code  numerique,  soit  a  partir 
de  l'hypothese  plus  simple  d'une  distribution  de  pression  verifiant  la  loi  de  Newton 
modifiee  pour  le  coefficient  de  pression 

K  =  K  cos2  q> 

P  P 
*0 

ce  qui  conduit  a 


La  figure  6  montre  que  les  valeurs  obtenues  avec  le  code  Euler  sont  plus 
grandes  que  la  valeur  constante  correspondent  a  l’hypothese  d ' un  cylindre 
d ' allongement  inf ini  obtenue  avec  la  theorie  newtonienne.  Le  nombre  de  Mach  le  long 
de  la  ligne  d ' attachement  est  Me  =  5.13  et  le  nombre  de  Mach  amont  normal  au  choc  est 
Mn~  =  1.96. 

Les  mesures  de  pression  le  long  de  la  ligne  d ' attachement  presentees  sur  les 
figures  7  et  8  .confirment  que  1 ' etat  asymptotique  n'est  atteint  que  pour  des  valeurs 
de  y/D  de  l'ordre  de  10.  Ces  mesures  ont  ete  effectuees  pour  differentes  longueurs  de 
plaque  L/D  et  plusieurs  nombres  de  Reynolds.  La  distribution  de  pression  est  coroplexe 
et  1 ' ecoulement  le  long  de  la  ligne  d ' attachement  semble  etre  serieusement  affecte 
par  1 ' interaction  onde  de  choc  -  couche  limite  tridimensionnelle  se  produisant  a  la 
base  du  cylindre.  L' influence  de  la  longueur  des  plaques  est  f aible .  Pour  y/D>2,  il 
existe  un  gradient  de  pression  moyen  favorable  le  long  de  la  majeure  partie  de  la 
ligne  d ' attachement . 

Ces  resultats  appellent  les  remarques  suivantes  : 

1  -  Les  mesures  suivent  grossierement  la  valeur  predite  par  le  code  EULER  et  il 
existe  ef f ectivement  en  moyenne  un  gradient  de  pression  favorable  le  long  de 
1 ' envergure . 

2-11  existe  cependant  des  fluctuations  considerables,  de  l'ordre  de  +10'*  par 
rapport  a  la  distribution  moyenne.  Localement  la  couche  limite  peut  etre  soumise, 
dans  la  direction  de  1‘ envergure,  a  des  gradients  de  pression  favorables  ou 
def avorables . 

3  -  Ces  ecarts  par  rapport  a  la  distribution  theorique  pourraient  fetre  attribues  a 
1 ' interaction  entre  la  couche  limite  sur  la  plaque  et  le  choc  devant  le  cylindre. 
Cependant,  les  distributions  de  pression  obtenues  ne  dependent  pas  beaucoup  de  la 
longueur  de  la  plaque,  alors  que,  suivant  la  longueur  de  plaque  et  les  conditions  de 
fonctionnement ,  la  couche  limite  a  1 ' emplanture  peut  etre,  soit  laminaire,  soit 
turbulente . 

4  -  Il  existe  une  faible  influent.,  du  nombre  de  Reynolds.  La  figvre  7,  correspondant 
a  des  nombres  de  Reynolds  plus  faibles  que  la  figure  8  ,  montre  des  rapports  P/P~ 
legerement  plus  eleves.  Ceci  est  dti  au  fait  que  la  pression  statique  de  reference  P~ 
a  ete  calculee  a  partir  de  la  pression  generatrice  mesuree  et  du  nombre  de  Mach  M~  = 
7.1  de  la  soufflerie.  En  fait,  ce  nombre  de  Mach  depend  un  peu  du  nombre  de  Reynolds 
unitaire  a  travers  l'effet  de  deplacement  de  la  couche  limite  dans  la  tuyere  ;  ceci 
explique  la  petite  difference  entre  les  deux  figures.  On  observe  6galement  un 
deplacement  du  maximum  de  pression  en  envergure  ce  qui  suggere  que  l'origine  de  ces 
perturbations  pourrait  etre  le  raccord  entre  la  tuyere  de  la  soufflerie  et  le  trongon 
additionnel  supportant  les  plaques  planes. 

En  raison  de  1 ' incertitude  sur  la  validite  des  resultats  du  code  d' Euler, 
nous  avons  utilise  la  valeur  de  "r  evaluee  avec  l'hypothese  de  la  theorie  Newtonienne 
modifiee.  Ceci  appelle  trois  remarques  importantes  : 

L ' utilisation  des  resultats  du  calcul  avec  les  equations  d ' EULER ,  qui  fournit  des 
valeurs  de  due/dx  plus  grande  que  1 ' approximation  newtonienne,  aurait  conduit  a  des 
valeurs  plus  faibles  du  parametre  TT. 

Le  parametre  R  est  un  nombre  de  Reynolds  base  sur  l'echelle  n  caracteristique  de 
1 ' epaisseur  de  la  couche  limite.  Le  lien  direct  entre  n  ef  le  gradient  de  vitesse 
longitudinal  due/dx  vient  de  l'hypothese  de  similitude  pour  la  couche  limite 
laminaire  le  long  de  la  ligne  de  partage .  Il  est  clair  que  cette  solution  de 
similitude  correspondant  a  un  cylindre  d ' allongement  inf ini  ne  peut  etre  obtenue  que 
pour  des  valeurs  suffisamment  grandes  de  y/D.  Nous  avons  vu  que  pour  le  champ  de 
pression,  la  solution  asymptotique  n'est  atteinte  que  pour  y/D  *  10.  On  peut  penser 
qu'il  en  est  de  m£me  pour  la  couche  limite  le  long  de  la  ligne  de  partage. 
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Les  considerations  precedentes  ne  tiennent  pas  compte  des  effets  lies  au  gradient 
d'entropie  au  voisinage  de  la  jonction  cylindre-plaque .  Ce  gradient  d'entropie  a  deux 
origines  : 

.  d'une  part  la  variation  de  temperature  dans  la  couche  limite  de  la  plaque  plane 
.  d' autre  part  la  variation  de  1' angle  du  choc  selon  1 ' envergure  entre  I'embase  du 
cylindre  ou  la  solution  de  fluide  non  visqueux  fournit  un  angle  de  l'ordre  de  23 
degres  et  la  solution  asymptotique  pour  un  cylindre  d * allongement  inf ini  qui 
correspond  a  un  angle  de  choc  de  16  degres. 

4.4.  Mesures  des  flux  de  chaleur 

Le  nombre  de  Stanton  defini  par  (4)  a  ete  evalu6  a  partir  des  mesures  de  flux 
de  chaleur  en  utilisant  les  valeurs  (pe,  v  )  correspondent  au  cylindre  inf ini  en 
fleche  et  un  facteur  de  recuperation  de  0.85. 

La  figure  9  montre  les  resultats  obtenus  au  voisinage  de  l'emplanture  avec  la 
maquette  1,  pour  la  plaque  plane  la  plus  longue  et  pour  un  rapport  Tp/Ti  =  0.38. 

Cette  region  est  dominee  par  l1 influence  de  la  couche  limite  sur  la  plaque.  La  couche 

limite  arrivant  sur  le  cylindre  conduit  a  des  valeurs  elevees  du  flux  de  chaleur  sur 
la  ligne  de  partage .  Compte  tenu  de  1' angle  de  fleche  eleve  (A  =  74*),  la  couche 

limite  de  la  plaque  plane  interagit  avec  le  cylindre  dans  la  region  y/D<1.  Dans  la 

region  y/D=0.5,  le  nombre  de  Stanton  est  une  fonction  croissante  du  nombre  de 
Reynolds.  Cette  evolution  du  nombre  de  Stanton  est  gouvernee  par  la  variation  de 
l'epaisseur  de  la  couche  limite  sur  la  plaque.  Quand  le  nombre  de  Reynolds  unitaire 
augmente,  l'epaisseur  de  la  couche  limite  incidente  diminue,  ce  qui  donne  une  vitesse 
plus  grande  et  done  un  flux  de  chaleur  plus  grand,  pour  la  mfeme  valeur  y/D. 

Les  figures  10  a  12  montrent  1 ' evolution  du  nombre  de  Stanton  en  fonction  de 
R  pour  le  modele  1  et  pour  une  valeur  fiye  de  y/D  (y/D=9).  Quel  que  soit  L/D,  la 
transition  apparait  pour  une  valeur  de  R  d ' environ  250  qui  est  en  bon  accord  avec  le 
critere  de  POLL  si  1 ' on  admet  1 ' existence  d'une  source  de  fortes  perturbations. 
L' influence  de  la  longueur  de  la  plaque  plane  peut  etre  evaluee  en  comparant  les 
figures  10  a  12.  La  pente  de  St(R)  dans  la  region  de  transition  est  une  fonction 
decroissante  du  rapport  L/D.  Ceci  s'explique  par  le  changement  de  la  nature  de  la 
couche  limite  a  la  jonction  plaque/cylindre .  En  effet,  lorsque  L/D  =  1.5,  le  nombre 
de  Reynolds  R^base  sur  la  longueur  de  la  plaque  plane  et  sur  les  conditions  amont  est 
de  l'ordre  de  370.000  pour  R*  =  250.  Lorsque  la  transition  apparait  sur  la  ligne  de 
partage,  pour  Y/D=9,  la  couche  limite  est  encore  laminaire  a  l'emplanture.  Par 
contre,  pour  la  plaque  la  plus  longue  (L/D=15.65),  nous  avons  RL  de  l'ordre  de  4 
millions  pour  R  =250,  et  dans  ce  cas ,  la  couche  limite  est  devenue  turbulente  ou  au 
mains  transitionnelle  sur  la  plaque. 

Ces  mesures  appellent  les  remarques  suivantes  : 

Le  nombre  de  Stanton  est  defini  en  utilisant  comme  reference  la  solution 
correspondant  au  cylindre  inf ini.  II  ne  tient  pas  compte  des  variations  de  pression 

dans  la  direction  de  1 ' envergure  le  long  de  la  ligne  de  partage. 

-  La  variation  du  paramdtre  R  est  obtenue  en  modifiant  la  pression  generatrice  ce  qui 
change  le  nombre  de  Reynolds  unitaire  de  la  soufflerie.  Comme  la  longueur  de  la 
plaque  plane  est  maintenue  constante,  il  en  r&sulte  que  l'epaisseur  de  la  couche 
limite  arrivant  4  l'emplanture  varie  aussi  et  que  sa  nature  laminaire  ou  turbulente 
peut  6ventuellement  changer  suivant  R.  Ceci  signifie  que,  malheureusement,  nous 
etudions  1* influence  du  parametre  IT  sur  la  transition  en  changeant  en  m&me  temps  la 
perturbation  introduite  a  la  jonction  du  cylindre  et  de  la  plaque. 

Pour  les  essais  en  paroi  refroidie,  seul  le  cylindre  est  refroidi.  En  consequence, 
nous  etudions  1' influence  de  Tp/Tt  avec  les  mfemes  conditions  initiales  a 
1 ' emplanture . 

L’ influence  de  la  temperature  de  paroi  est  apparente  sur  les  figures  10  4  12. 
Pour  ce  premier  modele,  il  semble  que  le  ref roidissement  retarde  tres  16gerement  la 
transition.  Ce  resultat  est  contraire  4  celui  qui  est  prevu  par  le  critere  de  POLL  et 
sugg4re  que  le  coefficient  de  la  temperature  de  paroi  Tp  dans  la  formule  de  la 
temperature  de  reference  devrait  4tre  plutdt  negatif.  Il  faut  cependant  insister  sur 
le  fait  que  1' influence  de  la  temperature  de  paroi  est  assez  faible. 

Le  second  mod_41e  nous  a  permis  d'6tudier  1' evolution  du  nombre  de  Stanton  en 
fonction  de  y/D  et  de  ff .  Les  resultats  correspondants  sont  donn6s  sur  les  figures  13 
4  18  pour  plusieurs  valeurs  de  y/D.  Chaque  figure  correspond  4  une  configuration 

exp4r imentale , c ' est  a  dire  une  valeur  de  L/D,  avec  ou  sans  ref roidissement .  On  peut 
constater  un  tr4s  bon  accord  entre  les  valeurs  du  nombre  de  Stanton  en  paroi  froide 
et  chaude,  ce  qui,  dans  une  certaine  mesure,  valide  la  technique  exp6rimentale 
utilis6e  puisque  les  conditions  exper imentales  et  les  flux  de  chaleur  mesur6s  sont 
tr4s  differents. 

Il  est  difficile  d ' interpreter  les  resultats  sous  cette  forme.  One  vue  plus 
synthitique  des  resultats  peut  4tre  obtenue  en  portant,  en  fonction  de  y/D  et  de  TT, 
les  valeurs  du  rapport  du  nombre  de  Stanton  mesur£  sur  le  nombre  de  Stanton  th4orique 
laminaire  calculi  au  moyen  de  (5).  En  fait,  pour  diminuer  l'influence  de  la 
distribution  de  pression  non  constante,  montrie  sur  les  figures  7  et  8,  et  pour 
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eliminer  les  erreurs  systematiques  eventuelles  associees  a  chaque  thermocouple,  nous 
avons  evalue  le  parametre  suivant 

St  mesure  /  St  mesure  pour  R  minimum 


St  laminaire  /  St  laminaire  pour  R  minimum 

Cette  quantite  doit  et.re  de  l'ordre  de  1  en  regime  laminaire  et  augmenter 
pour  un  ecoulement  turbulent  dans  la  mesure  oil  la  valeur  Rmin  de  reference  correspond 
a  une  situation  laminaire.  Les  figures  19  a  24  montrent  1' evolution  de  ce  parametre 
en  fonction  de  y/D  et  de  R.  Nous  avons  _^ussi  ajoute  sur  ces  figures  une  ligne 
cor respondant  a  la  valeur  critique  R  =  250.  II  est  clair  que,  pour  les  plaques 
planes  les  plus  courtes  qui  founissent  une  couche  limite  laminaire  a  1 ' emplanture ,  la 
transition  n'intervient  pas  a  une  valeur  constante  de  R  La  valeur  critique 
exper imentale  est  une  fonction  legerement  decroissante  de  y/D.  Ceci  signifie  qu'il 
existe  des  situations  dans  lesquelles  la  couche  limite  sur  la  ligne  de  partage  reste 
laminaire  au  voisinage  de  la  plaque  alors  qu'elle  devient  turbulente  pour  des  valeurs 
elevees  de  y/D. 

Ce  coraportement  pourrait  etre  explique  en  supposant  que  le  temps  necessaire 
pour  amplifier  jusqu'a  un  niveau  critique  les  perturbations  introduites  a  la  jonction 
cylindre/plaque  et  , par  consequent,  la  distance  suivant  1 ' envergure  est  une  fonction 
decroissante  de  la  difference  entre  le  nombre  de  Reynolds  et  un  nombre  de  Reynolds 
critique.  Cependant,  une  telle  interpretation  est  en  disaccord  avec  1 ' interpretation 
_djp  la  transition  par  contamination  proposee  par  POLL.  En  effet,  la  valeur  critique 
"r  =250  correspond  en  principe  a  une  situation  dominee  par  1 ' existence  de  fortes 
per tur bations  qui  provoquent  localement  une  turbulence  qui  ne  s'amortit  pas  en  aval 
si  R  >250.  Ce  mecanisme  n'est  pas  en  accord  avec  les  figures  19  et  20  qui  montrent 
clairement  une  region  d' ecoulement  laminaire  au  voisinage  de  la  base  du  cylindre. 
L'accord  est  meilleur  pour  la  plaque  la  plus  longue  (L/D=22)  a  Tp/Tt  =  .38  (figure 
23)  qui  donne  une  couche  limite  turbulente  qui  se  comporte  apparemment  comme  une 
source  de  fortes  perturbations.  Dans  ce  dernier  cas  aucun  effet  de  y/D  ne  peut  etre 
mis  en  evidence.  En  realite  cette  figure  ne  permet  pas  de  discerner  une  zone 
franchement  laminaire  correspondant_  a  St/St  ref  =  1  La  valeur  obtenue 

exper imentalement  varie  en  fonction  de  R  de  facon  assez  continue, _ ce  qui  confirme  la 

diminution  de  la  pente  de  la  courbe  de  St  en  fonction  de  R  dans  la  region  de 
transition  deja  observee  avec  le  premier  cylindre. 

L' existence  d ' une  region  laminaire  a  proximite  de  la  plaque  pour  le  cas  L/D=_8 
(figure  19'  pent  an«si  etre  due  au  fait  que,  dans  cette  region,  la  valeur  locale  de  Tl 
est  vraisemblablement  plus  faible  que  la  valeur  correspondent  a  la  solution 
asymptotique  pour  un  cylindre  d' envergure  infinie  que  nous  avons  utilisee.  En  effet 
1'  epaisseur  de  la  couche  limite  peut  etre  plus  faible  pour  deux  raisons  : 

le  caractere  tridimensionnel  de  1 ' ecoulement  exterieur  conduit  au  voisinage  de 
la  plaque  a  des  nombres  de  Mach  exterieurs  plus  faibles  que  la  valeur  asymptotique 
obtenue  en  aval,  et  ceci  entraine  1 ' existence  d'un  gradient  de  pression  favorable 

suivant  1 ' envergure . 

Contrairement  a  la  solution  de  similitude  qui  est  independante  de  y  la  couche 
limite  reelle  a  une  origine  au  voisinage  de  1 1 emplanture  et  son  epaisseur  peut 
croitre  pour  re joindre  la  valeur  asymptotique  en  aval . 

Dans  les  conditions  de  la  figure  19,  la  couche  limite  sur  la  plaque  est 
laminaire  lorsque  la  transition  apparait  sur  la  ligne  d ' attachement .  On  peut  penser 
que  la  transition  est  due,  non  pas  aux  perturbations  apportees  par  la  couche  limite 
de  la  plaque,  mais  essentiellement  aux  perturbations  existant  dans  1 ' ecoulement 
amont .  II  est  generalement  adrais  que  les  souffleries  a  rafale  de  petites  dimensions, 
construites  sans  precautions  particulieres ,  sont  caracterisees  par  un  taux  de 
turbulence  eleve  :  la  seule  information  quantitative  pour  la  soufflerie  utilisee  dans 
cette  etude,  est  une  mesure  du  niveau  de  fluctuations  de  pression  dans  la  chambre  de 
tranquillisation,  qui  est  de  l'ordre  de  10  en  valeur  relative. 

La  comparaison  de  la  figure  19  avec  la  figure  20  montre  que,  pour  la  meme 
plaque  (L/D=8),  avec  ref roidissement  de  la  paroi  du  cylindre,  la  situation  est  tout  a 
fait  analogue.  Alors  que  pour  le  premier  cylindre,  le  ref roidissement  retardait 
legerement  la  transition,  cette  fois,  aucun  effet  systematique  ne  peut  etre  decele. 


5 .  CONCLUSIONS 

Cette  etude  exper imentale  semble  justifier  le  critere  de  POLL,  R*crit  =  250, 
en  ecoulement  hypersonique ,  et  confirme  la  faible  influence  de  la  temperature  de 
paroi,  ce  qui  est  en  assez  bon  accord  avec  la  formule  proposee  par  POLL  pour  la 
temperature  de  reference. 

Un  examen  plus  detaille  de  1' evolution  en  envergure  le  long  de  la  ligne  de 
partage  suggere  cependant  que,  lorsque  la  couche  limite  arrivant  sur  le  cylindre  a 
1' emplanture  est  laminaire,  la  transition  est  plutot  declenchee  par  le  niveau  de 
turbulence  eleve  de  la  soufflerie. 

Des  progr^s  dans  la  comprehension  de  cette  situation  complexe  sont  envisages 
dans  deux  directions: 
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Par  une  meilleure  conaaissance  de  1 ' ecoulement  moyen  le  long  de  la  ligne  de 
partage,  par  exeaple  au  moyen  d'un  code  de  calcul  r6solvant  les  Equations  de  Navier 
Stokes  tridimensionnelles  et  capable  de  tenir  compte  des  phenomenes  d ' interaction 
visqueuse  a  1 ' intersection  de  la  plaque  et  du  cylindre. 

Par  une  meilleure  caract£risation  des  perturbations  provenant  de  1 1 ecoulement 
amont,  et  une  etude  de  1' influence  du  niveau  de  turbulence  de  1 ' ecoulement ,  dans  la 
mesure  ou  il  sera  possible  de  le  reduire. 
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SUMMARY 


Instability,  turbulence  and  relaminarization  in  the  attachment-line  region  of  swept  and  unswcpt 
cylindrical  bodies  are. studied  by  numerical  solution  of  the  full  Navier-Stokes  equations.  The  flow  is 
simulated  over  a  strip  containing  the  attachment  line  and  treated  as  homogeneous  in  the  spanwise 
direction:  the  disturbances  decay  exponentially  upstream.  Transpiration  through  the  wall  may  be 
prescribed.  The  new  method,  which  admits  completely  general  disturbances,  agrees  with  published 
linear-stability  results,  which  were  limited  to  an  apparently  restrictive  form  of  disturbance.  Fully- 
developed  turbulent  solutions  with  sweep  are  generated  and  compare  well  with  experiment.  The 
turbulence  is  subcritical  (except  with  blowing),  resulting  in  large  hysteresis  loops.  By  lowering  the 
sweep  Reynolds  number,  or  increasing  the  suction,  the  turbulent  flow  is  made  to  relaminarize.  The 
relaminarization  Reynolds  number  is  much  less  sensitive  to  suction  than  the  linear-instability  Reynolds 
number.  Extensive  attempts  to  detect  the  postulated  nonlinear  instability  of  the  unswept  flow  failed, 
suggesting  that  this  flow  is  linearly  and  nonlinearly  stable. 

1.  INTRODUCTION 

The  phenomenon  of  leading-edge  contamination  was  discovered  in  the  1950’s  during  experiments 
on  swept  laminar-flow  wings.  On  unswept  wings  the  boundary  layers  start  at  the  attachment  line 
and  develop  along  the  upper  and  lower  surfaces  in  strong  favorable  pressure  gradients,  which  stabilize 
them.  Generally,  on  smooth  surfaces  the  boundary  layers  remain  laminar  up  to  the  end  of  the  favorable 
gradients.  The  local  flow  at  the  attachment  line  is  the  classical  Hiemenz  flow,  an  exact  solution  of 
the  Navier-Stokes  equations  (1).  The  transition  of  these  boundary  layers  to  turbulence  can  be  studied 
independently  at  different  spanwise  stations  and  is  amenable  to  the  established  instability  theories,  with 
small  disturbances  gradually  growing  to  nonlinear  levels  and  then  causing  breakdown  to  turbulence 
(although  the  origin  of  these  disturbances  is  still  a  delicate  matter).  In  contrast,  on  swept  wings  the 
boundary  layer  ran  be  turbulent  right  at  the  attachment  line.  This  is  unfortunate  from  a  technological 
point  of  view.  It  also  greatly  complicates  the  theory  since  the  turbulence  propagates  in  the  sj  unwise 
direction,  often  coming  from  the  fuselage  boundary  layer  (hence  the  word  “contamination  ' ).  Therefore, 
the  phenomena  are  no  longer  local  in  the  spanwise  direction.  Leading-edge  contamination  is  distinct 
from  cross-flow  instability,  which  is  due  to  the  three-dimensionality  of  the  boundary  layers.  Cross-flow 
instability  can  move  the  transition  line  forward  (compared  with  an  unswept  wing)  but  not  all  the  way 
to  the  attachment  line. 

This  problem  was  studied  experimentally  by  Gregory  (2),  Gaster  (3).  Cumpstv  &  Head  (4),  and  Poll 
(5).  among  others.  They  investigated  the  stability  of  the  laminar  flow  to  small  disturbances,  as  well  as 
the  turbulent  flow  and  its  relaminarization.  The  primary  parameter  is  the  sweep  Reynolds  number. 

R=\\\/VSi'.  (1) 

Here  IY*.  is  the  spanwise  component  of  the  freestream  velocity,  S  is  the  strain  rate  of  the  irrotational 
flow  over  the  attachment  line,  and  v  is  the  kinematic  vise  by.  However  hysteresis  phenomena  were 
observed  as  R  was  varied.  The  conditions  at  the  upstream  .  <1  of  the  cylindrical  body,  which  has  to 
be  finite  in  an  experiment  (the  equivalent  of  the  wing-body  junction)  also  strongly  influence  the  state 


of  the  boundary  laver.  Over  a  range  of  Reynolds  number  (say  R  —  R t  to  R2)  the  flow  can  be  either 
laminar  or  turbulent. 

In  prac'ice,  full-size  airplanes  are  not  far  above  the  critical  Reynolds-number  range  [i?i.i?2J-  To 
achieve  passive  Laminar  Flow  Control,  turbulence  could  be  suppressed  by  reducing  the  sweep  angle  or 
the  leading-edge  radius  (thus  reducing  R ),  but  such  measures  degrade  other  aspects  of  the  performance. 
Another  solution  is  to  apply  suction  over  the  whole  front  part  of  the  wing;  one  of  the  objectives  of  this 
work  is  to  determine  how  much  suction  is  needed. 

For  unswept  bodies,  experiments  have  shown  organized  disturbances  in  the  attachment-line  region 
(see.  e.g..  Sadeli  k  Brauer.  6,  and  the  discussion  by  Lyell  k  Huerre,  7).  Streamwise  vortices  were 
detected,  but  apparently  not  small-scale  turbulence.  It  was  speculated  that  streamline  curvature  in 
that  region  caused  an  instability.  However  careful  theoretical  studies  (8)  indicated  that  the  flow  is 
linearly  stable.  This  contradiction  can  be  due  to  finite-amplitude  disturbances  in  the  incoming  stream 
of  the  experiments,  or  to  a  nonlinear  instability.  This  latter  conjecture  was  made  by  Lyell  Huerre  ( 1 . 
hereafter  referred  to  as  LH)  who  indeed  found  a  nonlinear  destabilization  of  a  system  of  model  equations 
they  derived.  However  they  used  a  highly  truncated  approximation,  and  consequently  they  did  not 
present  their  evidence  as  final.  To  better  address  this  question  a  full  nonlinear  numerical  solution  is 
needed,  which  is  another  objective  of  the  present  work.  If  self-sustained  disturbances  characteristic  of 
the  attachment-line  region,  with  or  without  sweep,  are  discovered  they  will  provide  extremely  valuable 
upstream  conditions  for  stability  calculations  in  the  boundary  layers. 

In  the  swept  flow  linear-stability  results  (9)  agree  with  experimental  findings  for  the  instability 
Reynolds  number  Ro  (3).  To  study  turbulence  and  relaminarization,  a  nonlinear  method  is  needed. 
Hall  k  Malik  (10)  took  steps  in  that  direction  using  a  weakly  nonlinear  theory  and  a  numerical 
method,  which  allowed  them  to  predict  the  subcritical  character  of  the  instability.  However  their 
numerical  method,  although  it  was  not  truncated  as  severely  as  in  LH.  was  still  two-dimensional  (i.e.. 
the  .r-dependence  of  the  flow  was  prescribed). 

The  present  study  rests  on  fully  nonlinear,  three-dimensional,  time-dependent  numerical  solutions 
of  the  Navier-Stokes  equations.  Direct-simulation  methods  have  been  successful  in  studying  transition, 
turbulence  and  relaminarization  in  other  flows  at  comparable  Reynolds  numbers.  We  follow  the  earlier 
ideas  and  study  the  attachment-line  region  in  isolation  from  the  rest  of  the  flow;  the  dominant  parameter 
is  R.  The  effects  of  evenly  distributed  wall  suction  are  included;  those  of  spanwise  inhomogeneity,  wall 
curvature,  roughness,  or  fluid  compressibility  are  neglected.  Within  this  somewhat  idealized  setting, 
the  method  described  in  the  next  section  makes  it  possible  to  simulate  the  flow  extensively,  from  laminar 
to  turbulent  states  and  back,  without  any  restriction  on  the  form  or  amplitude  of  the  disturbances. 


2.  METHOD 

The  numerical  method  .s  that  described  in  (11).  and  has  been  used  in  the  past  to  study  transition 
(12).  as  well  as  relaminarization  (13).  It  solves  the  incompressible  Navier-Stokes  equations  over  a 
flat  plate  with  periodic  boundary  conditions  in  the  directions  1  and  z,  parallel  to  the  plate.  The 
(/-domain  extends  from  0  to  oc.  The  accuracy  is  spectral  in  space,  and  second-order  in  time.  For  the 
present  study,  aimed  at  simulating  infinite  wings  or  cylinders,  the  flow  is  treated  as  homogeneous  in 
the  spanwise  direction  so  that  periodic  conditions  are  appropriate  in  c.  On  the  other  hand  the  flow  is 
not  homogeneous  in  the  .r  direction,  orthogonal  to  the  attachment  line,  and  a  special  procedure  had  to 
be  devised  so  that  the  periodic  boundary  conditions  required  by  the  numerical  method  could  Ire  used. 
This  is  the  only  new  element  in  the  method,  and  the  rest  of  this  section  is  devoted  to  describing  it  and 
discussing  its  validity. 

Let  t -x  and  H'-x.  be  the  freestream  components  normal  and  parallel  to  the  spanwise  direction, 
respectively.  One  applies  matched  asymptotic  expansions  between  the  irrotational  flow  impinging  on 
the  body  and  the  viscous  boundary  layer.  The  small  parameter  is  the  ratio  of  the  boundary-layer 
thickness  b  to  the  dimensions  of  the  cross-section,  e  g.,  the  radius  of  curvature  Rc.  In  laminar  flow  this 
ratio  is  proportional  to  the  square  root  of  the  Reynolds  number  U^Rc/v.  In  the  first  approximation 
the  only  information  transmitted  from  the  outer  solution  to  the  inner  solution  is  S.  the  strain  rate  near 
the  attachment  line.  There  may  also  be  transpiration  at  the  wall  with  a  velocity  Iq- 

For  laminar  flow  the  inner  expansion  is  a  generalization  of  the  classical  Hiemenz  flow  (1)  with  the 
addition  of  a  spanwise  flow  ,,  and  a  transpiration  In.  WTe  follow  the  presentation  of  Hall.  Malik,  & 
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Poll  (9).  The  parameters  of  this  inner  solution  are  S.  H\.  and  Fu.  The  nondimensional  paremeters 


are  the  sweep  Reynolds  number  R  =  W\/\/Si'  and  the  transpiration  parameter  K  =  I'o/'/Sr'.  Define 
the  laminar  thickness  di  =  \Ji'/S ,  and  1/  =  /.  The  solution  is  given  by 

ui  =  x  5  //(//).  r,  =  ft,  S  c(//).  w/  =  IT^c  ic(//),  (2) 

where  1/.  c.  and  ic  satisfy 

1/  +  r'  =  0.  (3n) 

r'"  +  r'-  -  c  r"  -1=0.  (3ft) 

w"  -  c  w1  =  0.  (3c) 

e'(0)  =  0.  f  (0)  =  I\.  c'(5c)  =  -1.  ir(0)  =  0,  ir(o o)  =  1.  (3rf) 


Note  that  this  is  a  solution  of  the  full  Navier-Stokes  equations,  not  just  the  boundary-layer  equations. 
For  large  y  the  fluid  is  coming  straight  down  toward  the  plate.  It  then  turns  into  the  ±x  direction,  away 
from  the  attachment  line.  The  motion  in  the  -  direction  is  uniform  away  from  the  plate  and  produces  a 
boundary  layer  on  the  plate,  of  about  the  same  thickness  as  the  x-direction  boundary  layer.  As  shown 
by  Eq.  (3)  the  motion  in  the  x  —  y  plane  is  independent  of  the  r-component.  In  the  attachment-line 
region  (near  x  =  0)  the  u  and  v  velocities  are  of  the  same  order:  away  from  it  (x  >>  61)  they  acquire  the 
usual  disparity  characteristic  of  boundary  layers  (11  >>  v).  The  attachment-line  region  has  an  elliptic 
character,  whereas  farther  along  the  wall  the  flow  has  the  usual  parabolic  character  of  boundary  layers. 
This  suggests  that  the  flow  in  the  attachment-line  region  of  the  boundary  layer  can  be  studied  by  itself, 
knowing  only  S,  i',  IF-*,  and  lo;  information  travels  from  that  region  into  the  boundary  layers,  but 
not  back  towards  the  attachment  line.  This  idea  was  implicit  in  the  derivation  of  Eqs.  (2,  3)  (which 
have  been  shown  to  agree  with  laminar  experiments)  and  in  all  the  stability  studies  to  date,  and  we 
apply  it  in  the  present  study  of  turbulence. 

The  equations  are  solved  in  a  strip  extending  from  -L  to  L  in  the  .r  direction.  The  length  L 
is  large  compared  with  fy,  or  with  the  turbulent-boundary-layer  thickness,  but  small  compared  with 
the  dimensions  of  the  body  (e.g.,  R,:)  so  that  curvature  and  spatial  variations  of  the  strain  rate  and 
transpiration  velocity  can  be  neglected.  We  split  the  solution  (velocity  vector  V  and  pressure  p)  into 
a  prescribed  "base  flow"  (t*0.po)  and  a  perturbation  (Fi.pi),  and  solve  for  U\.  This  is  often  done 


to  obtain  simpler  boundary  conditions  on  U\  than  on  U.  typically  homogeneous  conditions.  The 
Navier-Stokes  equations  become 

V.(r0  +  l'i)  =  0,  (4  a) 

(fo  +  t  1  b  +([■'<)  +  t  1  ).V(C'o  +  £'1 )  =  ~  F"  (p0  +  Pi )  +  tW~(C  0  +  f  1  )•  (4ft) 

Suppose  r0  and  po  are  a  solution  of  the  Navier-Stokes  equations.  In  that  case  Eq.  (4)  becomes 

V.F,=0,  (5« ) 

r,,  +  r„.vfj  +r,.vto  +  t'l.vtj  =  -rPl  +i/V2f,.  (5ft) 

Here  we  choose  for  f'n  the  following  field: 

I/O  -  /(x)  5  !/(//).  Co  =  Is/  S  »'(»/).  ic0  =  1F^,  ir(ij).  (6) 


Compared  with  Eq.  (2).  the  only  difference  is  that  a  function  /(.r)  replaces  x  in  n .  If  /(x)  equals 
./-.  t'o  is  a  Navier-Stokes  solution  and  one  can  rigorously  apply  Eq.  (5).  To  allow  the  use  of  periodic 
conditions  for  t  j  in  x  we  choose  an  /  function  that  is  equal  to  x  over  most  of  the  \—L,L\  interval,  say 
from  -/  to  /.  but  falls  to  0  rapidly  at  the  ends.  Eq.  (5)  is  then  applied,  which  means  that  f’n  +  [r,  is  a 
solution  of  the  Navier-Stokes  equations  over  the  region  of  interest.  [—/,/],  but  not  in  the  fringe  regions 
( -L .  -/]  and  \I.L],  In  those  regions  source  terms  V.f'n  and  -frn-Vf r0  -  Vp0  +  i/V2f*o  are  effectively 
added  to  Eqs.  4a  and  4b.  respectively.  Figure  1  is  a  sketch  of  the  situation. 

A  satisfactory  /  function,  derived  from  the  Gaussian,  is  given  by 


/( x )  =  x  -  L 


-f.!/./.rri+v/l/2P  -1/2 
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riodic  problem. 


*0  is  a  parameter  with  the  dimension  of  a  length.  This  function  was  designed  to  be  periodic,  i.e., 
f(—L)  =  f(L)  —  0,  and  to  be  very  close  to  i  over  most  of  the  interval  [— L,L]  when  x^/L  is  at  least 
moderately  small;  f(x)  —  x  is  exponentially  small  except  in  narrow  regions  near  the  ends  of  the  interval 
[  —  L,L].  Also,  the  first  derivative  df/dx  matches  from  ~L  to  L,  and  the  mismatch  in  the  second 
derivative  d2f/dx 2  is  exponentially  small  (of  the  order  of  this  was  achieved  by  adding  the 

s/l/2  terms).  It  is  desirable  to  make  /  (considered  as  a  periodic  function)  as  regular  as  possible,  to 
avoid  upsetting  the  numerical  convergence  of  the  Fourier  method. 

In  Fig.  2  the  function  f/L  is  plotted  with  the  value  of  Xq/L  that  was  used  throughout,  namely 
lo/L  =  0.07.  One  can  see  that  f[x)  is  indeed  indistinguishable  from  x  over  most  of  the  interval  (if 
|*| /L  <  0.8.  |/(.r)  -  x\/L  <  10-5).  The  “useful  length"  /  is  approximately  85%  of  L.  Using  a  function 
of  the  type  of  Eq.  (7)  allows  a  good  use  of  the  available  numerical  resolution  in  the  j  direction  (only 
15%  of  the  domain  is  “wasted").  The  procedure  also  makes  a  good  use  of  the  resolution  in  the  y 
direction,  since  the  grid  is  Cartesian  and  the  boundary-laver  thickness  is  essentially  independent  of  x 
(see  Eq.  (2)). 
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x/L 


Figure  2.  Plot,  of  the  /  function,  defined  by  Eq.  (7),  with  x0/L  =  0.07. 


Naturally  the  fact  that  the  Navier-Stokes  equations  are  satisfied  in  [—1,1]  is  not  enough  to  justify  the 
procedure;  one  needs  to  ensure  that  the  flow  in  [—/,/]  does  not  depend  on  the  unphysical  phenomena 
occuring  in  the  fringe  regions.  This  is  true  if  the  streamlines  point  into  the  fringe  regions  with  a 
sufficient  angle  to  “sweep”  any  disturbances  out  of  the  useful  region.  The  tangent  of  this  angle  is 


SI/\\\  outside  tht-  boundary  layer,  and  is  larger  inside  the  boundary  layer.  In  the  simulations  at 
R  —  3(H)  this  ratio  was  about  0.25.  corresponding  to  an  angle  of  14°  which  is  larger  than  typical 
spreading  angles  for  perturbations  in  a  boundary  layer  (for  instance  a  turbulent  spot  spreads  at  an 
angle  of  about  11°).  At  higher  Reynolds  numbers  the  angle  was  lower  (because  the  ratio  !/<*>/  was 
kept  constant),  but  when  the  solutions  were  examined  there  was  no  evidence  that  the  perturbations 
introduced  in  the  fringe  regions  polluted  tin'  rest  of  the  domain. 

Note  that  an  alternative  to  the  present  procedure,  which  leads  to  the  convenience  of  periodic  condi¬ 
tions  at  the  expense  of  nonphysical  equations  in  the  fringe  regions,  would  have  been  the  more  common 
procedure  of  solving  the  Navier-Stokes  equations  in  a  finite  domain  [—/./].  and  imposing  "outflow 
conditions"  at  —  /  and  at  /.  However,  these  outflow  conditions  are  also  nonphysical,  they  do  not  rule 
out  a  contamination  of  the  solution  ami  they  can  cause  trouble  in  terms  of  numerical  stability.  The 
procedure  just  described  is  equally  justified  and  more  convenient  for  the  present  flow,  and  no  stability 
problems  were  encountered. 

The  question  arises  of  how  general  this  procedure  is  and  what  other  flows,  if  any.  it  could  be  applied 
to.  It  seems  clear  that  the  fringes  can  serve  only  as  "black  holes"  where  inlormation  gets  destroyed, 
and  could  not  be  used  for  inflow  conditions  as  needed,  for  instance,  with  a  Blasius  flow.  If  meaningful 
information  enters  the  domain  through  an  inflow  boundary,  the  procedure  would  probably  not  be 
aderpiate.  In  the  present  flow  the  fluid  is  coining  into  the  domain  from  -foe  in  the  y  direction,  and 
carries  no  information  (i.e..  no  disturbances).  At  this  time  the  only  candidates  we  have  identified 
(after  a  discussion  with  L.  Kleiser)  are  the  axisymmetric  stagnation  point,  the  rotating-disk  flow,  or  a 
combination  of  the  two:  these  flows  have  many  similarities  with  the  generalized  Hiemenz  flow.  Flows 
with  incoming  vorticity  (e.g..  a  jet  impinging  on  a  wall)  would  be  very  interesting,  but  it  would  be 
much  more  difficult  to  define  a  base  flow  U0  that  satisfies  the  Navier-Stokes  equations. 

In  summary  the  solution  field  is  Uo  +  U\.  where  i\  satisfies  Eq.  (5).  U0  is  given  by  Eq.  (6).  and 
/  is  given  by  Ecp  (7).  The  laminar  profiles  Ft.  c.  and  Tr  are  computed  by  Runge-Kutta  fourth-order 
integration  with  typically  32  substeps  between  the  spectral  collocation  points.  A  manual  shooting 
procedure  is  used  to  find  the  initial  value  of  r"  for  each  value  of  I\ .  The  boundary  conditions  on  L\ 
are  homogeneous  at  y  =  0  and  y  — *  oo,  and  periodic  in  r  and  r  with  periods  2 L  and  A.-  respectively. 
The  initial  conditions  varied  from  case  to  case,  and  will  be  dismissed  later. 


3.  SMALL-AMPLITUDE  DISTURBANCES 

Linear  disturbances  were  first  investigated.  The  objectives  were  to  check  the  present  code  and  detect 
possible  problems  with  the  artificially  imposed  periodic  conditions,  to  verify  Hall  et  al.'s  (9)  numerical 
accuracy,  and  also  to  verify  the  relevance  of  a  special  class  of  disturbances,  introduced  by  Gortler  (14) 
and  Hammerlin  (15).  These  disturbances  are  of  the  form 

»'  =  (  x  S  u(ii)  v' —  f  ft i  S  r(ii)  c'h{:~r>) .  tv'  =  f  H5*  ir(i])  r'kt  z  ~r,) ,  (8) 

superimposed  on  the  laminar  flow  (Ecp  2),  with  e  <<  1.  Later  investigators  (including  Hall  &:  Malik 
(10)  for  their  nonlinear  work)  also  used  this  form,  with  little  comment.  In  this  equation  the  r-  and 
f-dependence  is  justified  as  usual  by  the  fact  that  the  base  flow  is  independent  of  ;  and  t.  On  the 
other  hand,  the  .r-dependence  does  not  seem  justified  at  first  sight.  Gortler  chose  it  for  reasons  of 
"mathematical  feasibility"  (14).  It  has  the  merit  of  reducing  the  linear  stability  equations  to  a  one- 
dimensional  eigenvalue  problem  in  terms  of  i),  f.  and  it.  tint  it  is  far  from  obvious  that  the  disturbances 
should  inherit  the  symmetry  and  self-similarity  of  the  base  flow  (compare  Eqs.  2  and  8).  Certainly, 
fields  of  tlie  form  of  Eq.  (8)  would  not  constitute  a  complete  basis  for  the  solution  of  the  initial-value 
problem. 

Figure  3  presents  results  that  strongly  support  the  Gortler-Hammerlin  method  in  the  sense  that 
disturbances  of  the  form  of  Eq.  (8)  are  the  most  unstable  and  therefore  the  most  relevant  in  a  stability 
study.  We  conducted  simulations  with  infinitesimal  disturbances  (||t  j  H/H5*.  of  the  order  of  10~K). 
so  that  nonlinear  effects  were  absent.  We  monitored  the  rms  of  the  perturbations  with  respect  to  an 
average  in  the  ;  direction  only.  This  rms  then  is  a  function  of  ,r.  y,  and  t.  We  took  the  maximum 
in  y  and  plotted  this  function  for  all  three  velocity  components  versus  at  selected  values  of  t. 
The  resolution  was  192  x  30  x  4  collocation  points  in  (x.y.:).  implying  that  only  one  Fourier  mode 


was  retained  in  :  (which  is  consistent  with  Eq.  (8)).  The  initial  perturbation  was  white  noise,  on 
the  102  -  30  s  1  grid,  modulated  by  a  Gaussian  in  the  .r  direction  so  that  it  was  localized  near  the 
attachment  line.  White  noise  was  used  to  obtain  as  general  a  perturbation  as  possible. 

Figure  3a  shows  the  peak  rms  at  t  —  0.  with  its  noisy  character  and  Gaussian  envelope.  In  Fig.  3  the 
rms  of  each  component  is  normalized  by  its  peak  value:  only  the  shape  matters.  L  was  150M  R  was 
GOO.  and  the  wave  number  was  0.2S45/G.  which  is  in  the  unstable  region  according  to  Hall  H  al.  (9). 
Therefore,  one  expects  an  unstable  mode  to  grow  out  of  the  white  noise  and  reveal  its  .r-dcpcudence. 
In  Fig,  3!>.  t  is  about  2000,  normalized  1  v  <'/  and  H\.  The  disturbance  has  become  much  smoother 
and  spread  to  the  sides  of  the  domain,  but  is  still  not  organized  globally.  The  valleys  in  the  curves 
propagate  away  from  the  attachment  line:  they  probably  correspond  to  phase  jumps  of  the  growing 
wave.  Finally,  in  Fig.  3c.  t  is  about  6300.  The  disturbance  behaves  as  predicted  by  Eq.  (8):  away 
from  the  fringes  the  rms  of  a'  is  proportional  to  j.r |  and  those  of  r'  and  ir'  are  uniform.  Naturally, 
the  behavior  of  the  peak  rms  values  is  not  a  complete  proof  that  Eq.  (8)  is  satisfied.  We  also  checked 
than  the  different  velocity  components  had  the  symmetries,  with  respect  to  the  .r  =  0  plane,  implied 
by  Eq.  (S).  In  summary,  there  is  very  strong  evidence  in  favor  of  the  Gortler-Hammerlin  disturbances. 

We  then  made  a  qualitative  comparison  with  Hall  ct  al.' s  results  for  the  instability  Reynolds  number 
/G.  by  monitoring  the  growth  or  decay  of  infinitesimal  disturbances.  For  each  value  of  the  suction 
parameter  A  we  determined  a  bracket  of  width  50  in  Reynolds  number.  At  the  lower  Reynolds  number 
all  disturbances  decayed:  at  the  higher  one,  at  least  one  mode  was  amplified.  The  wave  numbers  were 
taken  from  Hall  it  a.l.  (the  critieal  value  for  each  A",  iit  their  Fig.  la).  These  brackets  are  shown  in 
Fig.  4.  In  each  case  the  critical  Reynolds  number  found  by  Hall  ct  al.  is  within  the  bracket.  The 
location  of  the  peak  of  the  rms  of  r'  also  agreed  with  Hall  ct.  al.'. s  Fig.  2a  %  2.  at  R  =  583  and 

A1  =  0.2845/M- 
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Figure  l.  Critical  Reynolds  numbers  /??  (linear  instability)  and  R t 

(relaminarization). - /G.  from  (8):  x  /?•_>.  present  results; 

R i .  from  (3.  1):  *  R\ .  present  results. 

These  results  suggest  that  the  present  method  is  working  well.  They  also  confirm  that  the  Hiemenz 
How  (A  0.  R  —  0)  is  linearly  stable  as  found  by  earlier  investigators,  even  with  very  general  initial 
disturbances.  This  is  of  interest  because  the  form  of  the  disturbances  adopted  I »y  earlier  workers 
( Eq.  (8))  could  have  been  too  restrictive,  and  hidden  an  instability.  The  nonlinear  stability  of  ♦  his  flow 

is  investigated  jn  t{5. 


4.  FINITE-AMPLITUDE  DISTURBANCES  IN  SWEPT  FLOW 


In  this  section  we  are  interested  in  the  characteristics  of  the  turbulent  attachment-line  boundary 
layer,  and  in  relaminarization  induced  by  lowering  the  Reynolds  number  or  increasing  the  suction. 
Although  the  relaminarization  occurs  in  time  instead  of  space,  the  phenomenon  is  very  similar  to  that 
on  a  wing.  We  wish  to  determine  how  low  a  sweep  Reynolds  number  or  how  much  suction  is  needed 
to  make  a  leading-edge  boundary  layer  that  was  contaminated  by  the  fuselage  boundary  layer  or  other 
disturbances  become  laminar.  Since  the  turbulence  is  often  subcrit.ical,  the  boundary  layer  can  switch 
from  an  established  turbulent  state  to  a  stable  laminar  state  at  the  same  Reynolds  number.  This 
relaminarization  can  be  obtained  with  a  'Gaster  bump"  over  a  significant  Reynolds-number  range  (3), 
but  here  we  limited  ourselves  to  distributed  effects,  namely  those  of  the  Reynolds  number  and  of  the 
suction  parameter. 

Only  the  asymptotic  large-time  state  of  the  flow  is  of  interest;  therefore  the  initial  conditions  do  not 
require  special  care.  Typically  the  flow  was  started  with  finite-amplitude  random  disturbances,  or  from 
the  end  state  of  another  simulation  (with  other  values  of  R  or  K).  Like  transition,  relaminarization 
sometimes  takes  a  long  time  to  initiate  (hundreds  of  time  units,  normalized  by  Si  and  IF*..).  but  then 
it  happens  rather  quickly.  All  the  simulations,  after  sufficient  time,  led  to  either  a  well-developed 
turbulent  state  with  the  usual  levels  of  skin  friction  and  turbulent  energy,  or  the  laminar  state. 

Figure  5  shows  visualizations  of  a  turbulent  solution.  It  illustrates  the  aspect  ratio  of  the  domain 
used  for  the  turbulent  runs;  L  =  100/'/.  A.  =  80^/.  The  number  of  grid  points  was  adjusted  according 
to  the  Reynolds  number,  to  achieve  the  resolution  adequate  for  turbulent  flows  :  AJ  ~  20.  At  %  7, 
10  points  within  ;/+  9  (13).  The  sweep  flow  is  from  top  right  to  bottom  left;  the  rectangle  in  the 
middle  of  the  domain  outlines  the  plane  of  the  attachment  line.  Figure  5a  shows  skin-friction  lines. 
Observe  their  local  meandering  and  their  global  fanning  out  away  from  the  attachment  line.  Figure 
5b  shows  contours  of  the  norm  of  the  vorticity  vector  in  selected  x  —  y  planes.  It  shows  the  irregular, 
turbulent  region  and  confirms  that  the  boundary-layer  thickness  is  small  compared  with  L  and  Az  as 
well  as  fairly  uniform  in  x.  The  level  of  activity  is  also  fairly  uniform,  which  confirms  that  fields  of  the 
type  of  Eq.  (8)  would  be  totally  inadequate  for  a  turbulent  simulation. 


Figure  5.  Visualization  of  turbulent  solution,  a)  skin-friction  lines; 
b)  vorticity  contours. 


Some  characteristics  of  the  turbulent  flow  will  now  be  presented.  They  could  be  used  to  initialize 
boundary-layer  calculations,  or  to  calibrate  the  turbulence  model  used  in  a  Navier-Stokes  method. 
Figure  6  shows  the  friction  coefficient  Cf  as  a  function  of  R.  It  takes  values  typical  of  low-Reynolds- 
number  bondary  layers  and  decreases  with  /?,  but  more  slowly  than  the  laminar  Cf.  as  usual.  The 
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Figure  6.  Friction  coefficient  vs  Reynolds  number. - laminar  flow; 

□  i?2<  loss  of  stability;  +  turbulent  flow  (4);  •  turbulent 
flow,  present  results 


simulation  results  are  consistently  a  few  "A  higher  than  the  experimental  values  of  Cumpstv  k.  Head 
(4).  Figure  7  shows  /?n .  the  Reyuokls  number  based  on  the  momentum  thickness  in  the  ;  direction 
snd  .  There  the  agreement  with  experiment  is  excellent.  Note  that  in  Fig.  7  /?«  increases  faster 
than  linearly  with  R.  Figure  8  shows  the  shape  factor,  for  which  the  agreement  is  again  very  good. 
A  detailed  experimental  study  of  the  turbulent  flow  is  being  conducted  by  Professor  D.  I.  A.  Poll 
(University  of  Manchester).  It  will  be  most  interesting  to  compare  our  results  with  his  (which  have 
not  yet  been  published). 


R 

Figure  7.  Momentum- thickness  Reynolds  number  vs  Reynolds  num¬ 
ber.  - laminar  flow;  R2.  loss  of  stability;  +  turbulent 

flow  (4);  •  turbulent  flow,  present  results. 
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Figure  8.  Shape  factor  vs  Reynolds  number.  -  -  -  laminar  flow;  a 
R 2.  loss  of  stability;  Indent  flow  (4);  •  turbulent  flow, 

present  results. 


Figure  9  shows  the  velocity  profiles  on  the  attachment  line  in  war;  units,  at  R  =  300,  4o0.  and  600. 
Unfortunately  the  profiles  at  R  =  600  are  not  very  smooth,  suggesting  that  the  statistical  sample  is 
marginal.  The  !Ff  profiles  approach  the  usual  log  law  (with  s  =  0.41,  C  =  5),  and  exhibit  a  wake 
(they  exceed  the  log  law  in  the  upper  region),  Cumpsty  k  Head  (4)  showed  similar  results.  Observe 
that  U+  is  negligible  up  to  t/+  of  about  100  (the  Uf  scale  was  expanded  by  a  factor  of  5).  The  wall 
region  is  essentially  unaffected  by  the  divergence  of  the  streamlimes  (dU/dx  >  0);  and  even  for  large 
t/  +  ,  V'  is  still  much  smaller  than  IF. 


Figure  9.  Mean  velocity  profiles  on  attachment  line.  Upper  curves 
VF+;  lower  curves  —  5V‘+;  R  —  300;  ---/?  =  450; 

- -  R  =  600.  •  •  •  near-wall  law  (IF+  =  j/+)  and  log  law 

(W+  =log(t/+)/0.41  +  5). 


Tilt-  relaminarization  Reynolds  number  R\  is  shown  in  Fig.  4.  As  was  done  for  /?•_>■  brackets  are 
given  for  each  value  of  K.  At  the  high  end  of  the  bracket,  turbulence  was  sustained  for  a  long  time 
(hundreds  of  time  units,  normalized  by  fy/H  x  ).  At  the  low  end.  the  flow  was  observed  to  relaminarize. 
even  when  the  initial  condition  was  a  well-developed  turbulent  flow  at  a  Reynolds  number  50  units 
higher.  Lowering  the  Reynolds  number  by  50  seems  gradual  enough  not  to  put  the  solution  out  of  the 
basin  of  attraction  of  the  turbulent  solution,  if  it  exists.  The  bracket  obtained  witout  suction  (K  =  0) 
is  [250.300)  and  compares  well  with  the  accepted  experimental  values  which  range  from  about  220 
to  280  (3.  4.  5).  The  value  most  often  quoted  now  is  245.  which  is  slightly  outside  our  bracket.  The 
simulations  may  produce  marginally  higher  values  than  the  experiments  because  the  surface  is  perfectly 
smooth,  and  the  incoming  flow  is  completely  free  of  disturbances.  We  also  observe  that  suction  has  a 
much  weaker  effect  on  f?j  than  on  R>.  This  was  predicted  by  Hall  &:  Malik  from  limited  evidence  (9). 
and  has  important  implications  for  Laminar  Flow  Control.  Given  only  the  linear-stability  results,  one 
would  overestimate  the  beneficial  effects  of  suction  on  a  contaminated  boundary  layer.  Hall  A  Malik 
also  predicted  that  with  significant  blowing  the  instability  would  not  be  subcritical  any  more.  Indeed, 
the  brackets  (of  width  50)  we  obtained  at  K  —  -(-0.4  were  the  same  for  R ,  and  /?o. 


5.  FINITE- AMPLITUDE  DISTURBANCES  IN  UNSWEPT  FLOW 

We  attempted  to  verify  the  conjecture  that  the  simple  Hiemenz  flow  (R  =  0,  K  —  0)  ran  sustain 
finite-amplitude  disturbances  even  though  it  is  widely  believed  to  be  stable  to  infinitesimal  disturbances. 
Recall  that  this  flow  is  characterized  by  only  two  parameters.  S  and  v.  The  sweep  Reynolds  number 
R  is  0  and  there  is  no  other  nondimensional  parameter.  This  conjecture  is  of  great  academic  interest, 
is  somewhat  supported  by  experiments  (e.g.,  6)  and  numerical  work  (7),  and  is  clearly  formulated 
by  LH.  Our  attempt  failed,  which  constitutes  evidence  against  the  conjecture  but  does  not  definitely 
disprove  it.  Although  we  have  no  tangible  results  to  show,  the  conceptual  difficulties  in  investigating 
such  a  conjecture,  the  different  approaches  that  were  tried,  and  the  controls,  are  of  interest  and  will 
be  discussed  in  this  section.  Essentially,  we  assumed  that  a  steady  (at  least  statistically  steady)  state 
exists,  and  attempted  to  find  initial  conditions  that  led  to  it. 

The  first  point  is  that  in  many  cases,  rigorously  proving  that  a  flow  is  stable  is  close  to  impossible. 
This  is  because  it  takes  only  one  amplified  mode  to  make  a  flow  unstable.  LTsually  stability  studies 
consist  in  surveying  a  parameter  space,  for  instance  Reynolds  number  and  wave  number,  searching  for 
amplified  modes.  If  one  finds  such  a  mode,  the  flow  is  unstable.  Otherwise,  one  can  only  report  that 
no  amplified  modes  were  found;  a  more  extensive  or  detailed  survey  might  have  turned  up  an  unstable 
mode.  This  problem  exists  in  both  linear  and  nonlinear  stability  studies,  and  is  compounded  in  the 
latter  since  the  amplitude  is  an  additional  parameter  and  the  separation  into  Fourier  modes  cannot  be 
made.  The  only  rigorous  proofs  we  are  aware  of  for  stability  (linear  and  nonlinear)  of  nontrivial  flows 
are  based  on  energy  arguments  and  limited  to  very  low  Reynolds  numbers,  usually  less  than  10. 

When  a  nonlinear  state  of  a  system  is  not  accessible  through  a  linear  instability,  a  possible  method 
to  reach  that  state  is  to  find  a  hysteresis  loop  that  connects  with  it.  There  is  an  obvious  candidate  for 
the  parameter  of  the  loop:  the  sweep  Reynolds  number  R.  In  §4  we  described  turbulent  solutions  with 
R  >  0.  and  one  may  hope  to  gradually  lower  R  to  0  while  keeping  the  turbulence  active.  However  we 
found  in  §4  that  the  turbulence  collapses  long  before  R  reaches  0.  This  suggests  that  the  disturbances 
in  the  state  we  are  trying  to  reach  are  of  a  different  type  than  the  ones  in  the  swept  flow.  This  is  not 
surprising  since  a  key  issue  is  the  ability  of  the  disturbances  to  extract  energy  from  the  mean  flow.  The 
dominant  component  of  mean  shear  is  in  a  different  direction  in  the  two  flows,  so  that  the  turbulent 
structures  would  at  least  have  to  reorient  themselves. 

Another  method  is  to  use  finite-  or  even  large-amplitude  random  disturbances  in  the  initial  condition. 
It  has  the  merit  of  stimulating  all  the  modes  of  the  flow,  and  has  been  our  standard  method  to  start 
turbulent  simulations.  We  tried  it  here  without  success:  the  disturbances  always  decayed.  Various 
amplitudes  of  the  random  numbers  were  tried.  The  other  parameters  were  the  grid  spacing  and  the 
period  \z.  For  those  we  used  the  same  values  as  in  the  turbulent  simulations  of  §4.  Therefore  the 
grid  was  fine  enough  to  support  fine-scale  motion  if  it  appeared,  and  the  domain  was  large  enough  to 
contain  large  eddies,  of  size  many  times  6j.  This  domain  was  also  large  enough  to  contain  the  least- 
damped  linear  mode.  One  may  expect  the  nonlinear  state  to  be  related  to  this  least-damped  mode  (7), 
although  there  is  no  proof  that  it  must  be.  In  any  case,  the  flow  never  settled  to  a  state  other  than 
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tht'  laminar  flow. 

Another  attempt  was  made,  based  on  the  idea  tiiat  the  disturbance  needs  a  long  time  to  find  the 
optimum  shape  which  allows  it  to  sustain  itself.  In  order  to  let  the  disturbance  find  this  shape  and 
remain  at  a  nonlinear  energy  level,  we  solved  the  equations  with  an  artificial  device  that  boosted  the 
energy  back  to  a  prescribed  level  at  every  time  step  (simply  by  multiplying  the  disturbance  field  L\  by 
an  appropriate  factor).  If  this  scheme  were  successful  we  would  find  that  with  an  appropriate  energy 
level  and  after  a  sufficient  time  the  disturbance  would  not  need  the  boost  any  more.  We  could  then 
suppress  the  boost  and  continue  the  simulation  with  the  true  equations.  The  energy  level  was  varied 
within  a  range,  of  the  order  of  Sr.  the  only  energy  scale  in  the  problem.  This  attempt  failed  too.  in 
the  sense  that  the  disturbances  always  needed  a  positive  energy  boost.  When  the  boost  was  removed, 
the  flow  reverted  to  laminar. 

Our  conclusion  for  this  part  of  the  work  is  that  the  nonlinear  instability  of  the  Hiemenz  flow  is  an 
elusive  phenomenon  to  say  the  least.  It  is  entirely  consistent  with  the  recent  experimental  investigation 
by  Bdttcher  (16).  The  argument  that  streamline  curvature  should  cause  an  instability  is  not  very 
convincing,  because  most  of  the  curvature  is  found  in  the  irrotational  region,  over  the  boundary  layer. 
Without  vorticity,  the  curvature  cannot  even  Ire  described  as  concave  or  convex.  Naturally,  we  cannot 
assert  that  another  method  of  generating  the  initial  condition  or  another  value  for  a  parameter  (box 
size,  energy  level,  and  so  on)  would  not  have  led  to  the  nonlinear  state.  However  our  evidence  so 
far  is  that  this  state  does  not  exist..  In  that  case  we  need  to  explain  why  our  conclusions  differ  from 
LH  s.  First  note  that  they  observed  a  destabilization  and  an  exponential  growth  of  their  system  over 
a  threshold,  but  did  not  find  a  fixed  point  with  finite  amplitude.  They  stated  that  that  fixed  point 
was  ‘‘beyond  the  scope  of  their  analysis".  The  fact  that  their  solutions  grew  beyond  bounds  suggests 
that  the  kinetic  energy  may  not  have  been  well  controlled  (Galerkin  methods  conserve  energy  only  if 
one  uses  the  inner  product  associated  with  the  energy;  they  used  a  different  product).  These  remarks 
suggest  that  LH  s  truncation  was  just  too  severe  and  that  the  present  study,  thanks  to  the  vastly 
superior  computing  power  at  our  disposal,  is  more  reliable. 

A  final  remark  about  the  behavior  of  upstream  disturbances.  As  y  — >  oo  the  method  implicitly 
assumes  a  relatively  slow  exponential  decay  of  the  velocity  disturbances  (the  slowest  being  e~ny^L)  but 
a  rapid  exponential  decay  of  the  vorticity  (at  a  rate  e_!//yo  where  y0  is  typically  2 f>i).  This  results  from 
the  design  of  the  numerical  method  (11).  Still,  the  last  collocation  point  is  typically  at  y  %  145/.  many 
times  the  thickness  of  the  boundary  layer.  In  assuming  an  exponential  decay  we  are  following  Wilson  t 
Gladwell  (8)  and  LH  (Gorfler  (14)  and  Hammerlin  (15)  had  assumed  algebraic  decay).  Essentially,  we 
wanted  to  exhibit  disturbances  characteristic  of  the  attachment -line  boundary  layer,  not  disturbances 
inherited  from  the  incoming  flow  and  algebraically  amplified  by  the  strain  field  upstream  of  the  body. 


6.  CONCLUSIONS 

The  capability  to  conduct  direct  simulations  of  the  flow  near  the  attachment  line  of  a  swept  cylindrical 
body,  by  numerically  solving  the  full  Navier-Stokes  equations,  was  developed.  Laminar,  transitional, 
turbulent,  and  relaminarizing  solutions  were  obtained,  some  with  wall  suction.  From  an  academic 
point  of  view  the  main  results  are  the  validation  of  the  Gdrtler-Hammerlin  form  of  disturbances  for 
linear  stability  studies  (Eq.  (8),  Fig.  3).  and  the  evidence  that  the  unswept  version  of  the  How  is  not 
only  linearly  but  also  nonlinearly  stable  (§5).  In  the  swept  flow,  the  boundary  layer  is  either  laminar 
(and  stable  if  R  <  583)  or  fully  turbulent;  intermediate  saturated  states  were  not  found  (§4).  From  a 
practical  point  of  view,  the  main  results  are  the  calculation  of  the  relaminarization  boundary.  Reynolds 
number  vs  suction  parameter  (Fig.  4).  and  the  analysis  of  the  turbulent  boundary  layer  from  R  —  300 
to  600  (Figs.  G  to  9).  The  agreement  with  experiment  is  very  good.  Further  investigations  of  this  flow 
will  probably  introduce  other  effects  like  curvature,  roughness,  freestream  disturbances,  and  especially 
compressibility. 
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RESUME 


On  etudie  experimentalement  les  diverses  formes  d’apparition  de  la  turbulence  dans  une  couche  limite 
laminalre  incompressible  sur  aile  en  fleche.  La  transition  est  detectee  a  l'aide  de  films  chauds  colies 
sur  la  maquette.  Deux  series  de  mesures  sont  presentees  :  dans  la  premiere,  les  capteurs  sont  places  le 
long  de  la  corde  et  1 ' er.registrement  des  signaux  permet  d’analyser  les  problemes  d '  instability  longitudi- 
nale,  d ' instability  transversale  et  de  contamination  de  bord  d'attaque.  Dans  la  seconde  serie  d ' experiences , 
les  films  chauds  sont  repartis  le  long  de  l'envergure,  pres  du  bord  d'attaque.  La  contamination  de  bord 
d'attaque  est  etudiee  en  detail  et  les  possibilites  de  relaminarisation  sont  examinees. 


EXPERIMENTAL  STUDY  OF  TRANSITION  AND  LEADING  EDGE  CONTAMINATION  ON  SWEPT  WINGS 


SUMMARY 


This  study  is  concerned  with  an  experimental  investigation  of  the  transition  mechanisms  in  an  incompres¬ 
sible  laminar  boundary  layer  developing  on  swept  wings.  The  transition  is  detected  by  using  hot  films  glued 
on  the  model.  Two  series  of  experiments  are  presented  :  in  the  first  one,  the  sensors  are  placed  along  the 
chord  and  the  instantaneous  signals  allow  us  to  analyse  the  problems  of  streamwise  instability,  crossflow 
instability  and  leading  edge  contamination.  In  the  second  series  of  experiments,  the  hot  films  are  glued 
along  the  span  direction,  close  to  the  leading  edge.  The  leading  edge  contamination  is  studied  in  detail 
and  the  possibilities  of  relaminarisation  are  examined. 


I  -  INTRODUCTION 

L'aile  en  fleche  d'envergure  infinie  represente  le  cas  le  plus  simple  d'un  ecoulement  tridimensionnel . 
Comme  le  montre  la  figure  I,  on  definit  generalement  deux  systemes  de  coordonnees  :  l'un  (X,  Z,  y)  est  lie 
a  l'aile,  l'autre  (x,  z,  y)  est  lie  a  la  ligne  de  courant  exterieure.  Dans  les  deux  cas,  la  direction  y  est 
normale  a  la  paroi  et  les  autres  coordonnees  sont  raesurees  sur  la  surface  de  l'aile  ;  c'est  ainsi  que  X 
representera  l'abscisse  curviligne  le  long  du  profil,  comptee  a  partir  du  bord  d'attaque  geometrique,  per- 
pendlculairement  a  celui-ci.  Les  composantes  de  la  vitesse  moyenne  sont  notees  (U,  W,  v)  dans  le  repere 
(X,  Z,  y)  et  (u,  w,  v)  dans  le  repere  (x,  z,  y) .  Les  profils  de  vitesse  u(y)  et  w(y)  sont  respectivement 
appeles  profil  longitudinal  et  profil  transversal.  A  l'exterieur  de  la  couche  limite,  on  a  wg  =  0. 


Sur  une  telle  geometrie,  l'hypothese  fondamentale  est  que  les  derivees  dans  la  direction  de  l'envergure 
Z  sont  nulles.  II  en  resulte  que  la  composante  W  de  la  vitesse  exterieure  est  constante  sur  toute  l'aile 
et  egale  a  Wr  =  0^  simp  (voir  notations  sur  la  figure  1).  Si  la  distribution  u^(X)  est  connue,  par  exemple 

u  l'aide  de  mesures  de  presslon  statique,  on  peut  en  deduire  la  distribution  Ug(X)  par  la  relation  : 


(I) 


l'2.(X)  »  u2(X)  -  ((J.  sin  <J>  ) 2 

En  fluide  purfait,  on  pent  denumtrer  'jut*  la  repartition  U  (X)  es  celle  que  l1  or.  aurait  sur  une  aile 
sans  fleche  plucee  clans  un  ecoulement  de  vitesse  l?  =  Q,  cos  .  En  part  icu  1  ier ,  U  =  0  le  Long  de  la  ligne 
de  partage,  ligne  de  courant  part  iculiere  qui  separe  les  ecoulements  a  i'extrados  et  a  l'intrados. 

Me  me  si  l'aile  en  t Lee he  d'envergure  infinie  const  itue  une  geometric  simple,  les  processus  de  transition 
peuvent  s ' y  reveler  notablement  plus  complexes  que  dans  les  conf igurat ions  bid imensionnel les.  En  effet,  la 
turbulence  peut  y  appara.ttre  par  trois  mecanismes  differents  :  1 '  instab  i  1 1  te  longitudinale  ,  1  '  instab  i  1  i  te 
transversale  et  La  contamination  de  bord  d'attaque  (voir  les  articles  de  synthese  de  POLL  / 1 / ,  AKNAL  / 2 / , 
SAR1C  et  KEEL  /if  par  exemple)  . 

1. 1  ins  tab i 1 i te  longitudinale  est  1  lee  aux  proprietes  des  profils  1 ongi r udinaux  u(y).  Comme  ces  profils 
ressemblent  aux  profils  de  FAI.KNER-SKAN  classiques,  elle  est  semblable  a  celle  des  ecoulements  bidimension- 
nels  et  provoque  surtout  des  transitions  en  ecoulement  talent!.  Par  contre,  la  presence  inevitable  d'un 
point  d' inflexion  sur  les  profils  transversaux  w(y)  peut  rendre  ceux-ci  trees  instables  dans  les  regions  ou 
ils  se  developpent  le  plus  rapideinent,  c ' est-a-dire  au  voisinage  du  bord  d'attaque.  Les  transitions  de  type 
transversal  se  rencont reront  done  essent ie 1 lement  dans  des  ecoulements  acceleres. 

D'un  point  de  vue  pratique.  La  prevision  des  transitions  longi tud ina les  et  transversa les  peut  s'effectuer 
a  i'aide  de  criteres  simples  /4/  ou  en  utilisant  la  theorie  linearisee  de  1 ' Instability  laminaire.  Cette  der- 
niere  technique  censiste  a  calculer  1  *  amp Lif ica t ion  des  frequences  instables  et  a  placer  la  transition  theo- 
rique  au  point  ou  la  frequence  La  plus  dangereuse  a  ete  amplifiee  dans  un  rapport  en,  avec  n  rv  7  a  9. 

Le  troisieme  mecanisme  de  transition  enumere  plus  haut,  la  contamination  de  bord  d'attaque,  est  de  nature 
tout  a  tait  different*.  Reprenons  l'exemple  simpLe  d'une  aile  en  fleche.  Si  celle-ci  se  trouve  solidaire 
d'une  suriace  solide  (fuselage,  paroi  de  soufflerie),  la  turbulence  convectee  sur  cette  parol  peut  se  pro¬ 
pager  ie  l-  ng  de  la  ligne  de  partage  et,  le  cas  echeant,  rendre  l'aile  completement  turbulente.  Ce  pheno- 
mene  ,  essent  ie  1  lement  non  lineaire,  est  un  exemple  de  ce  que  MORKOVIN  a  appele  un  "bypass"  /  5  / ,  en  ce  sens 
qu'il  ne  peut  etre  traite  par  la  theorie  de  l ' instabili te  laminaire.  En  incompressible.  Inexperience  a 
mon t re  que  L'apparition  de  la  contamination  repose  sur  la  valeur  d’un  nombre  de  REYNOLDS  R  calcule  sur  la 
ligne  de  partage  : 


/  et  "■  designent  respect ivement  la  viscosite  cinematique  et  une  longueur  carac ter ist ique  definie  par  : 

1  /? 

M  =  (v/k)  “  avec  k  =  (dU  /dX)  (3) 

e  X=X 

P 

ou  X  est  l'abscisse  de  la  ligne  de  partage.  De  fagon  generale,  k  est  lie  au  rayon  de  courbure  local  de 
l'ai?e.  II  ressort  d'ur  grand  nombre  d ' experiences  que  si  R  reste  inferieur  a  245,  la  turbulence  provenant 
de  la  paroi  s'amortit  et  dlsparalt  plus  ou  moins  vlte  le  long  de  la  ligne  de  partage.  Sinon,  il  y  a  conta¬ 
mination  :  on  observe  un  accroissement  de  la  tailie  des  structures  turbulentes  qui  finissent  par  occuper 
tout  le  bord  d'attaque.  Ce  critere  simple,  utilise  par  PFENNINGER  des  1965  /6/,  a  ete  largcment  verifie 
depuis  (CASTER  / 7 / .  CUMPSTY-HEAD  /8 / ,  POLL  /9 /  par  exemple). 

Get  article  prt;sente  deux  series  d '  exper  iences  realisees  dans  les  souffleriei  FI  et  F2  du  Centre  ONERA 
du  FAIJGA-MAUZAC ,  afin  de  tester  les  methodes  de  calcul  de  la  transition  sur  ailes  en  fleche.  Dans  la  pre- 
mi  e  t  e  serie  demesures,  effectuees  sur  une  aile  a  bord  d'attaque  cambre  (soufflerie  F2),  les  trois  formes  de 
transition  ont  ete  etudi'es.  A  1 'occasion  de  la  seconde  serie  d 'experiences .  m  a  plus  specialement  analyse 
sur  une  autre  aile,  placee  dans  la  soufflerie  FI,  les  problemes  ce  contamina i ion  de  bord  d'attaque  et  de  re¬ 
lam  inar  ’’  sa  t  ion  event  ue  lie. 


2  -  EXPERIENCES  SUR  AILE  A  BORD  D'ATTAQUE  CAMBRE  (AILE  N°  1) 
l -  i . Montage  experimental  et  moyens  de  mesure 

Ces  experiences  mt  ete  menees  dans  la  soufflerie  F2  f  dont  La  veine  d'essais  a  une  section  de  1,4  m  x 
1,8  n  et  une  longueur  de  5  m.  On  en  trouvera  dans  /I'd/  une  description  detail  lee.  L'ecoulement  est  cree 
par  un  ventilateur  a  pales  fixes  et  vitesse  variable ,  permettant  de  ba  layer  tine  plage  de  0  a  100  ms-  ^  dans 
la  veine.  Le  taux  de  turbulence  exterieure  est  inferieur  a  0,1  pour  cent. 

La  maquette  vst  une  aile  au  prufil  ONERA  D,  de  corde  C  normale  au  bord  d'attaque  egale  a  0,3  m  ;  elle 
est  muni*;  d  un  bo.d  d'attaque  cambre  entre  0  et  20  pour  cent  de  corde.  La  presence  de  ce  bord  d'attaque 
co*  du  1 1  evidemment  a  des  distributions  de  pression  tres  differences  de  cel  les  ebservees  sur  un  prof i  l 
ONERA  D  classi  jue  .  L'aile  est  fixee  sur  une  moitie  de  fuselage,  lui-meme  etant  fixe  sur  1'une  des  parois 
vert  i* ales  de  la  veine.  La  figure  l  donne  une  vue  du  profil,  ainsi  qu'un  schema  du  montage  experimental 
en  seine. 


Troi-»  types  de  mesures  ont  ete  etfectues  :  distributions  de  la  pression  parietale,  visuali.1  ions  par 
•  v.b  i  i  ma  t  i  on ,  analyse  des  signanx  deLivres  par  de.-*  films  chauds.  Dix  films  chauds  ont  ete  colics-  sur  la 
maquette,  entre  2,5  et  R6  pour  cent  de  corde  et  leurs  signaux  ont  ete  enregistres  pour  un  grand  nombre  de 
comb  ina  i  sons  des  trois  parametres  ,  t  et  tj  ,  respect  ivement  angle  de  I  Ache,  angle  d '  i  nc itimee  g  enmetri- 
qne  et  vitesse  nominal*.*  de  l'ecoulement  dans  la  veine.  Les  positions  des  films  chauds  sont  indiquees  sm 
la  figure  2b  :  elles  <  nt  et*"*  choisies  de  I  i',on  a  eviter  les  i  n  t  e  rac  t  i  ons  ent  re  rapteurs  vcf  sins.  Cette  ab¬ 
sence  d  *  i  nte  r  f  e  rente parasites  a  ete  verifier  en  comparant  les  positions  de  transition  dormers  par  les 
films  rh-.ud  i  et  par  les  v  i  su.i  I  i  sa  t  i  ons  pa  r  i  e  t  a  I  e  s  :  les  resultat  ;  se  sont  reveles  identiques. 
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Axe  veine 


x  films  chauds 


b)  Montage  en  veine 

Montage  experimental  dans  la  coufflerie  F2 


2.2.  Configurations  etudiees 

Trois  angles  de  fleche  (  ^  =  49,  55  et  61°)  et  quatre  angles  d1 incidence  geometrique  (a  =  0,  -  2,  -  4 
et  -  8°)  ont  ete  etudies.  Des  distributions  typiques  de  13  vitesse  exterieure  sont  donnees  sur  la  figure  3. 
A  cause  de  la  presence  du  bord  d'attaque  cambre,  les  courbes  presentent  une  evolution  complexe  dans  la  re¬ 
gion  de  gradient  de  pression  negatif. 


2.3.  Resultats  avec  instabilites  longitudinale  et  transversale 

L* analyse  des  resultats  a  montre  que,  dans  un  grand  nombre  de  cas,  la  transition  se  produisait  sous 
l’effet  de  1  *  instability  transversale. 

En  guise  d'exemple,  la  figure  4  raontre  devolution  de  lfabscisse  de  transition  en  fonction  de  la  vi¬ 
tesse  ,  pour  ^  =  49°,  a  *  -  2°.  Les  donnees  experimentales  sont  comparees  aux  previsions  deduites  de 


_  Calculs  taminaires 

O  Experience 


Fig*  4 


Evolution  de  l  9 abscisse  de 
transition  en  fonction  de 
(  *P  =  49°,  a  -  -  2°) 
Comparaison  aux  resultats 
critdres  de  transition 


0  40  80  120  — ►  Qjms "’) 
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1 ? application  separee  de  criteres  de  transition  developpes  au  CERT/DERAT  /4/.  Le  critere  de  transition  lon¬ 
gitudinal  constitue  une  extension  de  celui  developpe  par  GRANVILLE  ;  il  se  traduit  par  une  relation  analy- 
tique  de  la  forme  : 

R0t  -  R9  «  f(7L,  Tu)  (4) 

T  cr  2 

R0  est  le  nombre  de  REYNOLDS  forme  avec  l'epaisseur  de  quant ite  de  mouvement  du  profil_  longitudinal, 
les  indices  T  et  cr  designant  le  point  de  transition  et  le  point  de  debut  d ' instability .  est  un  para- 
jietre  de  gradient  de  pression  longitudinal  (parametre  de  POHLHAUSEN  moyen)  et  Tu  le  taux  de  turbulence 
exterieure . 

Le  critere  transversal  est  une  correlation  empirique  entre  deux  parametres  integraux  pris  au  point  de 
transition  :  le  nombre  de  REYNOLDS  transversal  R6 ^  /  wdy  et  le  facceur  de  forme  longitudinal  H. 

Dans  la  region  ou  l'ecoulement  est  fortement  accelere  (X/c  <  0,25),  les  resultats  du  critere  transver¬ 
sal  sont  en  bon  accord  avec  les  mesure-.  Cependant,  plus  en  aval,  ou  l'ecculement  est  lalenti,  les  films 

chauds  detectent  des  transitions  que  les  criteres  ne  retrouvent  pas.  Comme  l'indique  la  figure  4,  les  points 
de  transition  deduits  du  critere  longitudinal  se  situent  bien  en  aval  des  resultats  experimentaux.  La  dis¬ 
cussion  de  ce  probleme  peut  etre  envisagee  sous  deux  angles  : 

a)  Les  criteres  ont  ete  etablis  a  partir  d Experiences  ou  la  transition  resultait  d 1 instabilites  fran- 
chement  longitudinales  (direction  x)  ou  transversales  (direction  z)  .  II  se  peut  qu'entre  25  et  90  pour  cent 
de  corde,  les  directions  les  plus  instables  evoluent  progressivement  de  la  direction  z  a  la  direction  x. 

Seuls  des  calculs  de  stabilite  rigoureux,  associes  a  la  methode  du  en,  peuvent  alors  predire  ces  transitions 
de  type  intermediate .  Une  telle  optique  a  ete  adoptee  par  CEBECI  et  al  / 1 1 /  et  les  resultats  auxquels  elle 
a  about i  sont  presentes  dans  un  autre  papier  durant  ce  congres. 

b)  La  theorie  classique  de  1' instability  lineaire,  ainsi  que  les  criteres  semi-empiriques ,  supposent  qu'il 

n'y  a  pas  d' interaction  entre  les  instabilites  longitudinale  et  transversale .  Or,  certaines  recherches  theo- 
riques  telles  celles  menees  par  H.  REED  / 1 2 /  ont  montre  que  les  ondes  stat ionnaires  resultant  de  l'instabi- 
lite  transversale  pouvaient  multiplier  par  deux  les  coefficients  d' amplification  des  instabilites  longitu¬ 
dinales  et,  de  ce  fait,  conduire  a  des  transitions  prematurees.  Bien  entendu,  ces  problemes  d 1  interact ion 
sont  tres  difficiles  a  prendre  en  compte  dans  les  calculs  de  stabilite.  On  peut  les  introduire  de  fagon 
empirique  dans  le  critere  longitudinal  en  modifiant,  par  exemple,  le  parametre  de  gradient  de  pression  par 
une  fonction  du  Un  tel  travail  a  ete  effectue  au  CERT/DERAT  et  a  conduit  a  une  amelioration  des  pre¬ 

visions  / 1 3 / .  Toutefois,  le  nombre  reduit  des  mesures  disponibles  pour  etayer  cette  modification  interdit 

de  tirer  une  conclusion  definitive. 

2.4.  Resultats  avec  contamination  de  bord  d'attaque 

Dans  cette  serie  d ' experiences ,  on  a  suppose  que  la  contamination  de  bord  d'attaque  apparaissait  des 
que  des  fluctuations  turbulentes  etaient  detectees  sur  le  film  chaud  amont,  toujours  place  en  X/c  =  0,025, 
bien  que  I’abscisse  de  la  ligne  de  partage  varie  sensiblement  en  fonction  de  l'incidence. 

La  figure  5  montre  des  exemples  de  signaux  instantanes  obtenus  pour  'P  =  55° ,  a  =  -  8°  et  deux  valeurs 
de  la  vitesse  Q,ki  .  Pour  chaque  valeur  de  ,  les  signaux  delivres  par  les  dix  films  chauds  ont  ete  enregis- 
tres  simultanemen t .  Les  mesures  de  pression  parietale  indiquent  que  la  ligne  de  partage  se  situe  en  x/c  s  0,05. 
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Four  .1  a  plus  faible  vitesse  (Q  =  3i  ms  *,  figure  5a),  la  region  du  bord  d’attaque  restc  laminaire,  mais 
une  grande  partle  de  1'aiLe  esc  "contaninee"  par  des  spots  turbulents  provenant  de  la  zone  de  jonction  entre 
l'aLLe  et  le  fuselage.  I'ne  interpretation  scheraatique  de  la  situation  est  donnee  sur  la  figure  6  :  des  struc 
Cures  turbulences  sont  creees  a  1 ’ emplanture  par  la  couche  limite  turbulente  du  fuselage  ;  comme  le  R  est 
crop  faible,  elles  ne  peuvent  se  developper  le  long  de  la  ligne  de  partage,  mais  celles  qui  sont  convectees 
le  long  de  la  ligne  de  couranC  exterieure  sont  reperees  par  les  films  chauds  situes  en  aval.  On  observera 
aussi  que  ces  enreg is t remen ts  permettent  de  suivre  la  signature  de  spots  individualises  dans  la  direction  X. 
dependant,  comme  la  Ligne  de  courant  exterieure  est  a  peu  pres  perpendiculaire  a  la  rangee  des  films  chauds, 
il  n*a  pas  ete  possible  de  calculer  la  vitesse  de  convection  des  spots.  Sur  les  enregistrements ,  on  remarque 
encore  que  le  debut  d'un  spot  est  souvent  repere  plus  tot  sur  le  film  n  que  sur  le  film  (n-I)  place  en  amont 
ce  qui  peut  sembier  paradoxal.  Une  tois  encore,  la  difference  entre  la  direction  de  deplacement  des  spots  et 
l1 orientation  de  la  rangee  des  films  chauds  permet  d'expliquer  ce  phenomene  :  par  exemple,  sur  la  figure  6, 
le  spot  dans  l’etat  2  sera  repere  sur  le  film  chaud  9  avant  de  l’etre,  dans  1’etat  3,  sur  le  film  chaud  8. 

Lor-que  la  vitesse  dans  la  veine  croft  de  33  a  35  ms-*,  le  nombre  de  spots  turbulents  augmente  rapide- 
me a t  t*c  des  boulfc-es  turbulences  apparaissent  a  la  premiere  station.  Dans  ces  conditions,  le  nombre  de 
KEYNOl.u.s  R  est  egal  a  276,  ce  qui  sera  considere  comme  la  valeur  en  debut  de  contamination. 

La  contaminat  on  de  bord  d’attaque  a  pu  etre  observee  pour  cin^  autres  couples  (  vp  ,  a).  Les  premieres 
fluctuations  Curbulentes  sont  detectees  sur  le  capteur  amont  pour  =  258  t  18  et  la  ligne  de  partage  est 
complerement  turbulente  pour  R  *  309  t  12.  Ces  valeurs  sont  en  bon  accord  avec  celles  trouvees  lors  d'etu- 
des  anterieures. 


En  fait,  la  contamination  peut  apparaitre  de  favor,  differ^  ;ant  les  cas.  C'est  ce  que  montre  la 

figure  7,  sur  laquelie  la  position  de  la  transition  est  tracee  p^ui  Jeux  configurations  exper imenta les  en 
topetinn  de  la  vitesse  .  (La  position  de  transition  est  prise  a  l'abscisse  1 ongitud inale  ou  sont  enre- 
gistrees  les  premieres  fluctuations  turbulentes) .  Pour  'P  =  55°  et  a  =  -  8°  (c’est  le  cas  cor respondant 
uux  signaux  presences  sur  la  figure  5> ,  remonte  tres  rapidement  du  bord  de  fuite  au  bord  d’attaque,  sans 
q  ie  se  soient  manifestoes  des  instabilites  longi tudina les  ou  transversa les .  La  situation  est  plus  complexc 
pour  vp  -  6i°,  4  =  -  2J.  l.orsque  Qt  croft  de  40  a  65  ms"* ,  la  transition  se  deplace  Ivntement  de  30  a  20 
pour  cent  de  corde  :  elle  est  provoquee  par  1 ’ instabi 1 i te  transversale ,  comme  le  montre  1 ’ appl ica t ion  du 
critere  transversal.  Aux  vitesses  plus  elevees,  R  devient  superieur  a  245  et  la  contamination  de  bord  d’at- 
taque  se  mar.ifeste.  Cec  i  conduit  a  une  situation  complexe  ou  deux  mecanismes  de  production  de  la  turbulence 
sont  simultanement  presents.  Un  exemple  de  cette  situation  est  donne  sur  la  figure  8,  ou  la  vitesse  est 
legerement  inferieure  a  celle  ou  apparaft  la  contamination.  Des  spots  turbulents  sont  detectes  en  x/c  =0,15 
ils  sont  produits  pres  de  la  ligne  ae  partage  au  voisinage  de  la  jonction  aile-fuselage.  Aux  stations  sui- 
vantes,  on  observe  un  melange  entre  les  spots  provenant  de  la  ligne  de  partage  et  ceux  resultant  d ’ une  tran¬ 
sition  par  instability  transversale. 

Au  cours  de  ces  experiences,  on  s’est  uniquement  interesse  au  deve loppement  de  la  turbulence  dans  la 
direction  X.  Dans  une  seconde  serie  de  mesures,  decrite  au  paragraphe  suivant,  1’attention  a  ete  focal isee 
sur  le  deve loppement  des  spots  en  envergure,  dans  la  region  voisine  du  bord  d’attaque. 
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-6 
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a  ° 

(bars) 

A 

40 

2,5 

3 

B 

40 

2,5 

2 

C 

30 

2,82 

3 

D 

30 

11,3 

3 

E 

30 

11,3 

2 

F 

30 

11,3 

1 

c 

40 

10 

2 

H 

40 

10 

1 

Tableau  1  -  Configurations  etudiees 


3  -  EXPERIENCES  SUR  L'AILE  N°  2 

3. 1  Montage  experimental 

Une  seconde  serie  d ' experiences  a  ete  realisee  dans  la  soufflerie  FI  du  Centre  du  FAUGA-MAUZAC  sur  l'aile 
dite  "hypersustentee  a  fleche  variable"  de  la  Direction  de  l'Aerodynamique  de  l'ONERA.  Une  coupe  du  profil 
et  un  schema  du  montage  de  la  maquette  dans  la  soufflerie  sont  donnes  sur  la  figure  9. 

La  veine  a  une  longueur  de  10  m.  En  sortie  du  convergent,  sa  hauteur  est  de  3,5  m  et  sa  largeur  de  4,5  m. 
La  soufflerie  est  animee  par  un  ventilateur  axial  a  Vitesse  constante  et  a  pas  reglable,  de  sorte  que  la 
Vitesse  dans  la  veine  peut  varier  de  faqon  continue  de  0  a  100  ms-*  environ.  L' installation  fonctionne  a 
temperature  ambiante,  mais  la  pression  generatrice  peut  etre  reglee  entre  I  et  3  bars  (voir  /14/). 


C=0,5m 


a)  Section  du  profit 


bl  Montage  en  veine 

rig,  j  -  Montage  experimental  done  Vi  ttoufflerie  Ft 
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La  maquette  est  essent ie llement  constitute  d'une  aile  construite  sur  le  profil  de  base  RA16  SCI,  excepte 
entre  X/c  =  0  et  X/c  =  0,20,  ou  un  bord  d'attaque  AMD-BA  est  utilise.  Elie  est  munie  au  bord  de  fuite  d'un 

volet  braque  a  10°  pour  toutes  les  experiences  (figure  9a).  La  corde  c  est  Constance  et  egale  a  0,5  in.  Avec 

un  angle  de  fleche  ega  l  a  40°,  l'extremite  superieure  de  l'aile  se  situe  a  2  m  au-dessus  du  plancher. 

La  maquette  est  equipee  de  huit  rangees  de  prises  de  pression  statique  reparties  en  envergure  ;  lors  des 
depoui 1 lements ,  seules  les  rangees  des  sections  2,  4,  5,  6  et  7  ont  ete  utilisees.  Leur  emplacement  est  re- 

pere  sur  la  figure  9b  ;  avec  ^  =  40°,  ces  rangees  sent  paralleles  au  plancher  de  la  veine. 

Lors  de  la  qualification  de  la  soufflerie,  des  sondages  de  couche  limite  ont  ete  realises  en  divers 
points  de  la  veine  d'essais.  Sur  le  plancher,  au  point  de  fixation  de  la  maquette,  on  a  mesure  des  profils 
de  couche  limite  turbulence  classiques,  avec  une  epaisseur  physique  voisine  de  10  cm  dans  la  gamme  des  nom- 
bres  de  REYNOLDS  rencontres  dans  cctte  etude.  Dans  l'axe  de  la  veine,  le  taux  de  turbulence  exterieure  est 
de  i'ordre  de  0,1  pour  cent. 

3 .  E .  Moyens  de  mesures  -  Configurations  ecudiees 

Comme  pour  l'etude  precedente,  les  films  chauds  constituent  l'outil  essential  de  detection  de  la  tran¬ 
sition.  Les  signaux  instantanes  delivres  slir.u l  tanement  par  huit  capteurs  sont  enregistres  de  facon  anaiogi- 
qu« ,  puis  numerises  ec  traites  au  centre  de  calcul  du  CERT. 

Huit  corn* igurations ,  numerotees  de  A  a  H,  ont  ete  etudiees.  Le  tableau  1  donne,  pour  chacun  des  cas, 

les  valeurs  de  1' angle  de  fleche  V  ,  de  1* incidence  geometrique  a  et  de  la  pression  generatrice  P^.  Les 

con f igurat ions  A,  B,  C  correspondent  a  une  incidence  normale  a  =  a/cos^  de  3,26°  (cas  dits  "a  faible 
incidence") ,  les  cinq  autres  configurations  correspondent  a  =  13,05°  (cas  dits  "a  forte  incidence"). 

3.3.  Distributions  de  pression  -  Ligne  de  part age 

La  figure  10  donne  des  distributions  du  coefficient  de  pression  Kp  pour  deux  cas  typiques  a  faible  (cas  B) 
et  a  forte  (cas  H)  incidence.  Les  mesures  relevees  sur  les  sections  2,  4,  5,  6  et  7  sont  tracees  en  fonction 
de  X/c,  ou  X  est  I'abscisse  curviligne  mesuree  sur  le  profil  a  partir  du  bord  d'attaque  geometrique.  Par 
convention,  les  valeurs  de  X  positives  (respect ivement  negatives)  sont  associees  a  l'extrados  (respective- 
ment  a  l'intrados).  L ' amplif icat ion  de  la  pointe  de  survitesse  a  l'extrados  lorsque  a  augmente  est  parti- 

culierement  spectaculaire.  Le  point  ou  le  Kp  atteint  son  maximum,  theoriquement  egal  a  cos2iJ>  pour  une 

aile  infinie  en  fleche,  repere  la  ligne  de  partage. 


;0 

hgne  de  partage 


X/C  . 


w.  / 1  d:  du  d< 


A  partir  de  la  mesure  de  Kp,  on  a  pu  calculer  devolution  de  la  vitesse  u^(X),  puis,  a  l'aide  de  la  re¬ 
lation  (l),  la  distribution  U  (X)  ,  projection  de  la  vitesse  exterieure  perpend  icula  i  remenl  au  bord  d'atta¬ 
que.  Les  evolutions  de  U  /Q  en  fonction  de  X/c  sont  tracees  sur  la  figure  11  pour  les  deux  cas  consideres 
sur  la  figure  precedente  ;  seules  ont  ete  repoitees  les  mesures  dans  la  region  du  bord  d'attaque  et  les 
vitesses  a  l'intrados  ont  ete  affectees  du  signe  moins  pour  mieux  visualiser  la  ligne  de  partage  (U^  =  0). 


!)-S 


a)  Cas  B  b)  Cas  H 

Fid-  1 1  -  Distribution  de  la  vitesse  nomale  au  bord  d'attaque  au  voisinage  de 
la  ligne  de  partage 


II  apparait  que  les  resultats  obtenus  aux  differences  sections  ne  se  regroupenc  pas  tout  a  fait  sur  une 
courbe  unique  et  que,  de  ce  fait,  l'abscisse  X  de  la  ligne  de  partage  evolue  quelque  peu  suivant  l'enver- 
gure  (zone  hachuree)  .  ** 


3.4.  Premiere  serie  de  mesures  par  films  chauds 

Comme  le  montre  la  figure  12,  relative  aux  cas  G  et  H,  huit  films  chauds  ont  d'abord  ete  colies  le  long 
du  bord  d'attaque  de  l'aile,  a  environ  deux  pour  cent  de  corde  de  part  et  d' autre  de  la  ligne  de  partage 
determinee  par  les  mesures  de  pression.  Les  films  numerotes  2,  4,  6,  8  sont  situes  cote  extrados,  les  films 
numerotes  1,  3,  5,  7  sont  situes  cote  intrados.  Sur  la  figure  12,  la  position  en  envergure  des  capteurs  est 
reperee  par  rapport  aux  lignes  des  prises  de  pression  statique.  Lors  du  collage,  les  films  chauds  ont  ete 
orientes  de  faqon  a  ce  que  l'element  sensible  soit  a  peu  pres  perpendiculaire  a  la  ligne  de  courant  exte- 
rieure . 


Pour  chacune  des  huit  configurations  etudiees,  un  balayage  progressif  en  vitesse  a  ete  effectue  de  fa- 
qon  a  reperer  avec  precision  le  debut  de  la  contamination.  A  titre  d'exemple,  on  montre  sur  la  figure  13 
les  signaux  enregistres  dans  le  cas  H  pour  =  35,  61  et  64  ns"*.  Pour  la  plus  basse  vitesse  (figure  13a), 
seul  le  film  1  presence  des  fluctuations  de  type  turbulent  :  ces  fluctuations  sont  emises  par  la  couche  li- 
mite  turbulente  du  plancher,  dans  laquelle  le  film  chaud  se  trouve  plonge.  Pour  “  61  ms-'-,  de  nombreu- 
ses  structures  turbulentes,  du  type  "spot",  sont  observees  sur  le  film  2  ;  leur  nombre  diminue  sur  les  films 
3  et  4,  puis  reste  constant  :  on  assiste  seulement  sur  les  films  4  a  8  a  un  elargissement  de  ces  spots,  qui 
peuvent  desormais  se  developper  le  long  de  la  ligne  de  partage  :  c'est  le  debut  de  la  contamination  de  bord 
d'attaque.  (Attention  a  1' interpretation  de  ces  signaux  :  par  exemple,  on  compte  sur  le  film  8  deux  spots 
de  plus  que  sur  le  film  6.  En  fait,  les  deux  spots  de  gauche  sur  le  film  8  sont  au  .1  passes  sur  le  film  6, 
mais  anterieurement  au  debut  de  1 'enregis tremen t) .  line  augmentation  de  5  %  de  la  vitesse  (61  a  64  ms~^) 
conduit  ensuite  a  un  accroissement  tres  rapide  du  nombre  des  spots,  comme  le  montre  la  comparaison  des  fi- 
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gures  13b  et  13c.  A  95  ms”*,  tous  les  signaux  sont  entierement  turbulents. 

On  a  ensuite  procede  au  calcul  de  R  en  debut  de  contamination  a  l'aide  des  relations  (2)  et  (3).  Le 
point  crucial  reside  dans  l'estimation  du  parametre  k  *  (dU^/dX)  en  X  1  Xp.  La  figure  11  illustre  en  effet 
la  difficult^  d'obtenir  un  calcul  precis  du  gradient  de  vitesse  autour  de  la  ligne  de  partage,  ce  gradient 

variant  d'ailleurs  quelque  peu  le  long  de  lrenvergure.  Apres  lissage  des  points  experimentaux ,  on  a  pris 

pour  k  une  valeur  moyenne  sur  les  cinq  sections  ou  la  pression  a  ete  mesuree.  Le  debut  de  contamination  a 
ainsi  ete  repere  pour  R^  =  251  i  11,  le  bord  d'attaque  etant  completement  turbulent  pour  R^  *  318  ±  22. 
Ces  valeurs  sont  tres  voisines  de  celles  trouvees  dans  la  premiere  serie  d 1  experiences . 

Dans  la  majorite  des  enregistremen^s  ou  RQ  <  R  <  RF,  il  est  possible  de  suivre  le  deplacement  de  spots 

individuals  d'un  film  chaud  a  I'autre  et  d'en  deduire  les  vitesses  de  convection  Uv.  et  U  de  leurs  fronts 

M  V 

amont  et  aval  (les  mots  amont  et  aval  sont  definis  par  rapport  a  la  direction  des  Z  croissants).  La  figure 
13b  illustre  ce  type  de  calculs  pour  deux  spots  suivis  entre  les  films  chauds  5  et  7.  Les  resultats  sont 
traces  sur  la  figure  14  pour  le  cas  H  :  les  rapports  U^/W^et  U^/W^  y  sont  reportes  en  fonction  de  Q^. 

Bien  entendu,  1 ' allongeraent  des  spots  implique  que  le  front  aval  se  deplace  plus  vite  que  le  front  amont, 
mais  les  deux  vitesses  restent  voisines  autour  de  0,7  W  :  cette  valeur  est  en  excellent  accord  avec  les 

03 

mesures  de  GASTER  / 7 / »  qui  avait  etudie  la  propagation  de  spots  artificiels  le  long  du  bord  d'attaque  d'une 
aile  symetrique.  Au-dela  de  =*  70  ms“^f  les  spots  deviennent  si  nombreux  qu'ils  se  regroupent,  de  sorte 
que  la  determination  de  leur  vitesse  de  convection  individuelle  n'est  plus  possible. 

Lors  des  etudes  ou  l'ecoulement  est  constitue  d'une  succession  de  spots  turbulents  et  de  zones  lami- 
naires,  un  parametre  important  est  le  facteur  d* intermit tence  y ,  fraction  du  temps  total  pendant  lequel 
l'ecoulement  est  turbulent.  L'evolution  du  facteur  Y  en  fonction  de  Z  a  ete  calcule.  dans  le  cas  H  pour 
plusieurs  vitesses  0^  comprises  entre  64  et  80  ms”  .  Les  resultats  sont  traces  sur  la  figure  15a,  ou  Z  *  0 
correspond  a  la  jonction  aile-plancher  de  la  veine.  Au  niveau  du  film  chaud  1  (Z  =  12  cm),  on  a  toujours 
Y  =  1 .  Le  facteur  d ' inters ffence  decroit  ensuite  jusqu'aux  films  3  ou  4  (Z  =  40  a  70  cm),  avant  de  crot- 
tre  jusqu'a  l'extremite  de  l'aile.  Ces  resultats  confirment  les  observations  effectuees  sur  les  signaux 
instantanes. 


b)  Relation  (5) 

Fig.  IS  -  Facteur  d'intermittence  le  long  de  la  ligne  de  partage ,  cas  H 


STEWART  et  POLL  / 1 5 /  ont  recemment  propose  unei  relation  semi-empirique  donnant  l'evolution  de  y  sur 
une  ligne  de  partage,  en  fonction  des  parametres  R  et  n  • 


y  =  1  -  exp 


R  -  245 
106 


si  R  >  245 


(5) 


Cette  formule  a  ete  deduite  d ' experiences  dans  lesquelles  la  contamination  etait  provoquee  par  des  fils 
cylindriques  entourant  le  bord  d'attaque  et  colles  perpendiculairement  a  la  ligne  de  partage,  la  distance  Z 
etant  mesuree  a  partir  du  fil.  Les  resultats  theoriques  donnes  par  (5)  sont  traces  sur  la  figure  16b  pour 
les  memes  conditions  que  la  figure  15a.  La  difference  essentielle  entre  les  deux  reseaux  de  courbes  se  situe 
aux  faibles  valeurs  de  Z  ou,  dans  les  experiences  presentes,  le  y  decroit  a  partir  de  1,  alors  qu'il  croit 
a  partir  d'une  valeur  non  nulle,  mais  beaucoup  plus  faible,  dans  la  formule  de  STEWART-POLL.  Ceci  est  lie 
au  mode  de  generation  de  la  contamination  :  couche  limite  pleinement  turbulente  dans  nos  mesures,  fil  cy- 
lindrique  dans  les  experiences  qui  ont  servi  a  etablir  la  relation  (5).  Par  contre,  dans  la  partie  crois- 
sante  du  y  (Z  >  0,7  m) ,  l'accord  entre  les  figures  15a  et  15b  est  tout  a  fait  acceptable,  surtout  pour 
Q  rj0  £  70  ms“* . 


3.5.  Seconde  serie  de  mesures  par  films  chauds 

On  s'est  ensuite  interesse  a  la  propagation  des  spots  dans  la  direction  X,  en  conservant  les  films 
chauds  aux  memes  positions  en  Z  que  precedemment  (figure  12),  mais  en  les  deplagant  sur  I'extrados  et  l'in- 
trados  de  l'aile.  Les  nouvelles  positions  en  X  sont  reperees  schematiquement  sur  la  figure  16,  relative  au 
cas  H  :  sur  les  deux  faces  de  l'aile,  les  deux  series  de  quatre  films  sont  maintenant  collees  vers  les  maxi¬ 
ma  de  la  vitesse  exterieure,  a  10  ou  15  pour  cent  de  corde  en  aval  de  la  ligne  de  partage. 


6-11 


Fig.  16  -  Position  des  films  chauds  pour" 
l 'etude  de  la  relaninarisation, 
cas  H 
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Fig.  17  -  Signaux  delivres  par  les  films  chauds 3  positions  de  la  figure  16 


Des  signaux  instantanes  correspondant  a  cette  meme  configuration  sont  presentes  sur  les  figures  17a  et 
17b,  pour  *  61  et  70  ms-'*,  respect ivement .  Cote  intrados,  )fallure  des  signaux  n'est  pas  tres  differente 
de  celle  deja  observee  dans  la  premiere  serie  d’ experiences  :  les  spots  se  sont  done  propages  depuis  la  li- 
gne  de  partage  sans  que  leur  structure  n’ait  ete  beaucoup  modifiee.  A  l’extrados,  par  contre,  on  n'observe 
plus  de  bouffees  turbulentes  bien  individualisees  ;  a  61  ms”*»  les  signaux  restent  de  type  laminaire  ;  a 
70  ms“*,  apparaissent  des  fluctuations  de  faible  amplitude. 

Ces  observations  suggerent  qu'a  1* extrados,  le  gradient  de  pression  negatif  est  suf f isamment  intense 
pour  amortir  les  spots  turbulents  originaires  de  la  ligne  de  partage,  tout  au  moins  jusqu’a  une  certaine 
vitesse  ,  et  l'on  peut  parler  de  relaminarisation . 
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Pour  Les  ecoulements  bidimensionnels,  LAUNDER  et  JONES  / 16/  utilisent  le  parametre  K,  caracteristique 
d'une  eventuelle  relaminarisation  en  gradient  de  pression  negatif  et  defini  par  : 


v 

7T? 


dll 
_ e 

dX 


(6) 


Pour  des  valeurs  de  K  superieures  a  10~6,  l'experience  montre  qu'un  ecoulement  turbulent  peut  redevenir 
Laminaire.  II  semblerait,  selon  BEASLEY  / 17/,  qu'une  valeur  superieure  a  5  lO-6  environ  soit  necessaire  pour 
que  la  couche  limite  retourne  ef fectivement  a  l'etat  laminaire. 


A  notre  connaissance ,  ce  type  d' informations  n'existe  pas  en  ecoulement  tridimensionnel .  On  peut  faire 
l'hypothese  que  les  valeurs  critiques  donnees  plus  haut  restent  valables  a  conditions  de  calculer  le  para¬ 
metre  K  le  long  de  la  ligne  de  courant  exterieure,  soit  : 


K 


"U 


1 


pour  une  aile  donnee 


(7) 


La  figure  18  montre  la  distribution  experimentale  de  K  dans  les  conditions  du  cas  H,  avec  -  60  tns 
(vitesse  a  laquelle  debute  la  contamination  sur  la  ligne  de  partage).  A  l'intrados,  les  valeurs  de  K  res¬ 
tent  tres  fribles,  alors  qu'a  lfextrados,  elles  atteignent  10  10”  >  deux  fois  la  valeur  minimale  necessaire 
a  la  relaminarisation.  Comme  K  est  inversement  proportionnel  a  Q^,  le  critere  indique  qu'il  faudrait  une 
vitesse  dans  la  veine  egale  a  120  ms”^  (et  plus)  pour  que  la  turbulence  du  bord  d  attaque  ne  soit  plus 
amortie  dans  la  region  acceleree  du  profil.  La  verification  detaillee  du  critere  de  relaminarisation  fera 
l’objet  d 'experiences  ulterieures. 
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Fig.  18  -  Evolution  du  parametre  K,  cas  H, 
4  =  80  ms~l 


Fig,  19  -  Positions  des  films  chauds 


Ce  type  de  mesures  n'a  ete  effectue  que  dans  le  cas  H.  Mais  le  calcul  des  distributions  de  K  montre  qu  en 
debut  de  contamination,  la  valeur  maximale  de  K  est  comprise  entre  8  et  10  10  pour  les  configurations  a 
forte  incidence"  (cas  D  a  H)  et  qu'eH-  ast  voisine  de  6  10~b  pour  les  configurations  "a  faible  incidence 
(cas  A,  B,  C) .  La  relaminarisation  semble  done  possible  pour  toutes  les  combinaisons  (  ct,vj>  )  considerees 
dans  cette  etude.  Les  valeurs  elevees  de  K  sont  imputables  a  la  forme  du  bord  d'attaque,  qui  induit  des 
distributions  de  vitesse  particulieres  :  on  voit  sur  les  figures  11a  et  lib  que  la  concavite  de  la  loi  U^fX) 
est  dtrigee  vers  le  haut,  e'est-a-dire  que  l'on  rencontre  a  l'extrados  des  gradients  de  vitesse  plus  intenses 
qu'au  voisinage  de  la  ligne  de  partage.  Sur  les  profils  "classiques"  au  contraire,  les  accelerations  les  plus 
fortes  sont  mesurees  sur  la  ligne  de  partage  et  la  relaminarisation  ne  peut  se  produire  en  aval  aux  nombres 
de  REYNOLDS  ou  apparalt  la  contamination,  ainsi  que  POLL  1'a  demontre  analytiquement  pour  les  bords  d  atta¬ 
que  elliptiques  / 9 / . 

Les  films  chauds  a  l'extrados  ont  finalement  ete  deplaces  et  repartis  le  long  de  la  corde,  entre  la  li¬ 
gne  de  partage  et  13  pour  cent  de  corde  :  leur  nouvelle  disposition  est  schematisee  sur  la  figure  19  et 
les  enregistrements  obtenus  a  Q ^  -  64  ms"1  sont  presentes  sur  la  figure  20.  On  observe  ainsi  deux  formes 
de  transition  totalement  diflerentes  dans  leur  nature  :  l'intrados  est  balayepar  des  spots  turbulents  pro- 
venant  de  la  ligne  de  partage.  Ces  spots  sont  amortis  a  l'extrados  (film  4)  ou  la  transition  se  produit  en 
aval,  dans  la  region  de  gradient  de  pression  positif,  par  une  instabilite  de  type  longitudinal  (films  6  et  8). 
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4  -  CONCLUSION 

Cette  etude  experimental^  a  permis  de  recueillir  un  certain  nombre  d 1  inf ormations  sur  les  mecanismes 
de  transition  en  ecoulement  tridimensionnel  incompressible. 

La  previson  des  transitions  provoquees  par  1' instabilite  transversale  est  relativement  aisee  dans  les 
regions  de  gradient  de  pression  negatif  intense,  par  exemple  entre  le  bord  d'attaque  et  le  point  de  vitesse 
maximum.  Cette  prevision  peut  s'effectuer  par  la  methode  du  en,  mais  aussi  par  des  criteres  empiriques  sim¬ 
ples.  Dans  le  cas  de  l'aile  a  bord  d'attaque  cambre  etudiee  dans  la  premiere  serie  d' experiences ,  les  proble- 
mes  se  compliquent  en  aval  du  maximum  de  vitesse,  oil  1'intensite  des  gradients  de  pression  reste  faible. 
L'apparition  de  profils  de  vitesse  transversaux  en  S  et  le  developpement  simultane  de  1 ' instabilite  longi- 
tudinale  rendent  necessaire  le  recours  a  la  theorie  de  1 ' instabilite  laminaire. 

En  ce  qui  concerne  le  probleme_de  la  contamination  de  bord  d'attaque,  on  a  verifie  dans  les  deux  series 
de  mesures  que  la  valeur  critique  R  =  245  pouvait  etre  utilisee  en  toute  confiance  pour  prevoir  le  nombre 
de  REYNOLDS  au-dela  duquel  des  spots  turbulents  peuvent  se  developper  le  long  d'une  ligne  de  partage.  Ce- 
pendant,  avant  que  cette  valeur  critique  ne  soit  atteinte,  une  partie  iroportante  de  la  surface  de  la  maquette 
">eut  etre  balayee  par  des  bouffees  turbulentes  originaires  de  la  jonction  aile-fuse  1  aee .  T1  faut  aussi  gar- 
ier  a  1' esprit  que  les  phenomenes  de  cont  ation  ne  sont  pas  uniformes  en  envergure  (c'est  ainsi  que  le 

y  evolue  dans  la  direction  Z)  et  que,  fait,  un  calcul  de  couche  limite  ne  saurait  s'effectuer  avec 

1'hypothese  classique  3/ 3  Z  =  0,  meme  si  la  distribution  de  vitesse  exterieure  evolue  peu  dans  la  direc¬ 
tion  parallele  au  bord  d'attaque. 

Ces  experiences  ont  aussi  montre  qu'une  relaminarisation  semble  etre  possible  si  la  distribution  de 
pression  en  aval  de  la  ligne  de  partage  presente  des  gradients  longitudinaux  plus  intenses  que  sur  la  ligne 
de  partage  elle-meme. 
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Summary 

The  Navier-Stokes  equations  for  three-dimensional,  incompressible  flows  are  solved 
numerically  to  investigate  spatially  amplified  disturbances  in  a  growing  flat  plate  boundary 
layer.  The  disturbances  are  introduced  by  time-periodic  blowing  and  suction  over  a  finite 
slot.  For  this  study  the  generated  disturbances  consisted  of  two-dimensional  Tollmien- 
Schlichting  waves,  pairs  of  oblique  three-dimensional  Tollmien-Schlichting  waves  and 
longitudinal  vortices. 

To  isolate  nonlinear  mechanisms  and  to  identify  the  importance  of  longitudinal 
vortices,  two  numerical  simulations  with  flow  parameters  similar  to  the  experiment  by 
klebanoff  [12]  with  a  two-dimensional  Tollmien-Schlichting  wave  of  moderate  amplitude 
and  with  two  small  oblique  three-dimensional  disturbances  of  fundamental  and  subhar¬ 
monic  frequency  were  performed.  In  the  second  calculation  an  additional  longitudinal 
vortex  disturbance  was  introduced.  In  both  cases  the  amplification  rates  for  the  three- 
dimensional  modes  agreed  with  the  secondary  stability  theory.  The  effect  of  the  additional 
longitudinal  vortex  was  such  that  the  initial  amplitude  for  the  fundamental  three-dimen¬ 
sional  disturbance  was  shifted  to  higher  values.  Because  of  the  higher  amplitude  level 
for  the  three-dimensional  fundamental  disturbances,  which  is  caused  by  the  longitudinal 
vortices,  in  this  case  fundamental  resonance  would  dominate  over  subharmonic  resonance 
in  spite  of  the  lower  amplification  rate  of  the  fundamental  wave. 

In  a  numerical  simulation  of  the  experiment  of  Kachanov  et  ai.  [9]  with  larger  two- 
dimensional  disturbance  amplitudes,  neither  the  subharmonic  nor  the  fundamental  resonance 
model  agrees  with  our  numerical  Navier-Stokes  results.  Therefore  an  improved  resonance 
model  was  developed  which  includes  two  two-dimensional  waves  (i.e.  a  two-dimensional 
wave  and  its  higher  harmonic)  and  longitudinal  vortices.  This  model  yields  remarkable 
agreement  with  the  numerical  simulation  and  with  experimental  measurements  and  thus 
appears  to  capture  the  relevant  mechanisms. 

t.  Introduction 

In  controlled  experiments  with  periodic  disturbance  input,  the  onset  of  the  three- 
dimensional  development  in  laminar-turbulent  transition  in  a  flat  plate  boundary  layer 
may  occur  in  several  different  ways.  So  far  two  principally  different  types  of  three-dimen¬ 
sional  development  were  found,  namely  that  of  fundamental  breakdown  and  subharmonic 
breakdown. 

Historically,  the  fundamental  breakdown  was  found  first  and  investigated  in  detail 
in  the  experiments  by  Klebanoff  et  al.  [12].  An  important  aspect  of  this  experiment  was 
the  presence  of  pairs  of  counter-rotating  longitudinal  vortices.  Subsequently,  Benney  and 
Lin  [l]  have  shown  theoretically  that  the  interaction  of  two  oblique  waves  with  a  two- 
dimensional  Tollmien-Schlichting  type  wave  leads  to  longitudinal  vortices.  In  the  context 
of  a  secondary  stability  theory  [6,7,8,16]  these  vortices  are  an  inherent  part  of  a  reso¬ 
nance  combination  and  thus  appear  together  with  two  oblique  three-dimensional  Tollmien- 
Schlichting  waves  with  a  finite  amplitu  I.  two-dimensional  Tollmien-Schlichting  wave 
acting  as  catalyst.  This  resonance  enables  a  rapid  and  efficient  energy  transfer  from  the 
baseflow  into  the  three-dimensional  disturbances. 

The  three-dimensional  breakdown  initiated  by  subharmonic  resonance  was  observed 
experimentally  much  later  by  Kachanov  and  Levchenko  [11]  after  a  theoretical  model  was 
suggested  by  Craik  [2],  Subharmonic  resonance  was  much  more  difficult  to  observe  exper¬ 
imentally  although  secondary  stability  theory  [6,7],  for  a  wide  range  of  parameters,  predicts 
higher  amplification  rates  for  subharmonic  resonance  than  for  fundamental  resonance. 
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Thus,  the  questic-  irises,  why  the  subharmonic  resonance  was  observed  in  experiments 
much  later  than  the  fundamental  resonance  and  if  and  why  certain  breakdown  mechanisms 
will  dominate  under  certain  circumstances.  With  this  study  we  want  to  investigate  the 
influence  of  additional  longitudinal  vortices  on  the  three-dimensional  transition  process 
for  the  spatially  growing  boundary  layer.  A  possible  role  of  longitudinal  vortices  on 
transition  was  found  earlier  for  the  temporally  evolving  plane  Poiseuille  flow  (Singer  et 
al.  [18]). 

To  investigate  the  role  of  longitudinal  vortices  for  spatially  evolving  disturbances  in 
a  boundary  layer,  a  calculation  was  performed,  where  a  medium  amplitude  two-dimen¬ 
sional  wave  and  two  small  amplitude  three-dimensional  waves  of  fundamental  and  subhar¬ 
monic  frequency  were  introduced.  In  another  calculation  an  additional  steady  three-dimen¬ 
sional  disturbance  was  introduced  and  both  results  were  compared  with  secondary  stability 
theory. 

Interpreting  results  of  one  of  his  experiments  Kachanov  [10]  tried  to  explain  the 
observed  high  three-dimensional  amplification  rates  by  use  of  an  improved  Nay feh-Bozatli 
model  [14].  According  to  this  the  two-dimensional  higher  harmonics  are  in  subharmonic 
and  "detuned"  subharmonic  resonance  with  three-dimensional  fundamental  modes. 

Using  results  of  our  own  numerical  simulation  of  the  experiment  of  Kachanov  et  al. 
[9,10]  we  found  that  neither  subharmonic  resonance  (two-dimensional  higher  harmonic 
and  three-dimensional  fundamental)  nor  fundamental  resonance  (two-dimensional  funda¬ 
mental,  three-dimensional  fundamental  and  longitudinal  vortex)  led  to  reasonable  agree¬ 
ment  with  the  amplification  rates  observed.  Therefore  new  models  were  constructed  in 
an  attempt  to  better  capture  the  mechanisms  observed  in  experiments.  With  a  combined 
resonance  model  consisting  of  a  two-dimensional  fundamental  and  its  two-dimensional 
higher  harmonic,  a  three-dimensional  fundamental  and  longitudinal  vortices  we  found 
good  agreement  with  the  amplification  rates  observed  in  the  numerical  simulations. 

In  this  paper  we  discuss  our  numerical  method,  which  allows  the  simulation  of  three- 
dimensional  disturbances  in  a  growing  boundary  layer.  With  results  from  two  numerical 
simulations  the  effect  of  additional  longitudinal  vortices  on  the  three-dimensional  disturb¬ 
ance  evolution  is  demonstrated.  The  combined  resonance  model  will  be  also  explained 
and  its  validity  will  be  demonstrated  by  applying  it  for  interpretations  of  results  of  our 
numerical  simulation  of  the  experiment  by  Kachanov  [9,10]. 

2.  Numerical  method  for  the  solution  of  the  Navier-Stokes  equations 

The  Navier-Stokes  equations  are  solved  in  an  integration  domain  as  shown  schema¬ 
tically  in  figure  1.  The  downstream  direction  is  x,  the  direction  normal  to  the  plate  is  y, 
and  the  spanwise  direction  is  z.  The  velocity  components  are  u',  v'  and  w‘.  The  variables 
are  made  dimensionless  with  a  reference  length  L  and  the  free  stream  velocity  Uco 


(2.1) 


The  Reynoldsnumber  is  Re  =  Uoo  L/v  (v  kinematic  viscosity).  The  three  vorticity  components 
are  defined  as 


1  dv‘  dw" 

Re  dz  dy 


toy 


d  w'  du' 
dx  dz 


du'  _  _j_  dvj 
dy  Re  dx 


(2.2) 


The  flow  variables  are  decomposed  into  those  of  the  two-dimensional  baseflow 
(index  B)  and  of  the  disturbance  flow  (variables  without  prime) 
u'  =  uB  *  u 

v'  =  vB  *  v  (2.3) 


w’  =  w  . 
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To  calculate  the  baseflow,  the  Navier—  Stokes  equations  are  used  in  a  vorticity-velocity 
formulation  (see  [3])  with  a  vorticity  transport  equation  for  <jzb 


7-(ubuzb1  ♦  v-<vBuzB' 
dx  dy 


1  d2cjzB  d2uzB 
Re  dx2  dy2 


(2.4a) 


a  Poisson  equation  for  vb 

1  d  2va  d 2  v  b  _  diaz  b 
Re  dx2  dy2  dx 

and  for  ub 

d 2U  b  _  _  d2v  B 
dx2  dxdy 


(2.4b) 


(2.4c) 


The  baseflow  is  calculated  in  a  rectangular  integration  domain  ABCD  (see  fig.l).  At 
the  upstream  boundary  (x=xo)  we  prescribe  Blasius  boundary  layer  flow  (index  Bl) 

UB(xo.y)  =  UBi<y> 

vb(xo  ,y>  =  VBi(y)  (2.5) 

uZB<xo.y)  =  coZBi(y)  ■ 


At  the  wall  we  have  the  no-slip  conditions 


ub  (x  ,0) 


0  ,  vb(x,0)  =  0  , 


dv  I 

dv  lx.O 


=  0 


(2.6a,b,c) 


and  the  wall  vorticity  is  calculated  from 


dcizB| 
dx  ^x,0 


d2VB| 
dy2  'x.O 


At  the  outflow  boundary  (x=xn)  we  solve  equations  2.4a  and  2.4b  with 


dzcozB  | 
dx2 


xN.y 


=  0  and 


dzVB 

dx2 


=  0 


XN.y 


and  ub  is  calculated  from  the  Poisson  equation 


(2.6d> 


(2.7a.b) 


with 


1  d2ua  d2us  _  d(i)zB 
Re  dx2  dy2  dy 

-  o  . 

dx2  'XN.y 


(2.7 c) 

(2.7d> 


At  the  freestream  boundary  (y=yul  we  assume  potential  flow  and  ub  is  prescribed  accord¬ 
ing  to  a  given  downstream  pressure  gradient 

UB(x,yu>  =  up(x)  ,  (2.8a) 

vb  is  calculated  from  continuity 


dvB  |  _  dU[ 

x,yu  '  dx 


(2.8b) 


and 


(JZB<x,yu)  =  0  . 


(2.8c) 


The  equations  are  discretized  with  finite  differences  of  fourth-order 
and  y  direction.  The  vorticity  transport  equation  is  solved  with  an  explicit 
(artificial  time).  The  v-Poisson  equation  is  solved  with  GauB-Seidel  line 
[3])  and  the  ub  equation  is  solved  directly. 


accuracy  in  x 
Euler  scheme 
iteration  (see 
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For  the  disturbance  flow  we  have  three  vorticity  transport  equations  for  the  vorticity 
components 


dux  d  . 

*  - —  vux  - 

at  ay 

UUy  ♦  VBUx  -  UBUy) 

a  . 

'  aT  u“z  * 

wux  +  UBUz  +  UUzB)  =  Aux 

(2.9a) 

dUy  a  . 

— -Z  -  —  (vux  - 

at  dx 

UUy  +  VBUx  -  UBUy) 

+  r-(wuy  - 

dz  J 

v  uz  -  v  BUZ  -  vuzb>  -  Auy 

(2.9b) 

OU7  U  .  v 

— —  +  (uuz  -  WUX  +  UBUz  ♦  UUZB> 

dt  dx 

-  — — —  i  w uy  -  v  uz  -  vbuz  -  vuzb)  =  4uz  (2.9c) 

and  three  Poisson-type  equations 


afu 

a2u  „  a Uy 

d2v 

(2.9d) 

dx2 

az2 

dz 

dxdy 

4  v  = 

dux  duz 
dz  dx 

(2.9e) 

a2w+ 

d2w_  d uy 

d2v 

(2.9f) 

dx2 

dz2 

dx 

dy  dz 

for  the  three  velocity  components.  The  Laplace  operator  is  defined  as 

A  -  JL  jL  *L  J_  Jl 

Re  dx2  dy2  Re  dz2 


At  the  upstream  boundary  (x=xo)  we  assume  that  all  disturbances  are  zero 
f(xo  .y.z.t)  =  0 

where  f  stands  for  all  variables  u,  v,  w,  u*  .Uy  and  Uz  ,  respectively. 


(2.10) 


At  the  wall  no-slip  conditions  are  used 

u(x,0,z,t)  =  0  ,  w(x,0,z,t)  =  0  .  (2.1  la ,b) 

The  v  velocity  component  can  be  prescribed  as  a  function  of  x,  z  and  t 

v(x,0,z,t)  =  fv(x,z,t)  <2. 11c) 

This  allows  the  generation  of  disturbances  in  the  integration  domain  by  local  time  depend¬ 
ent  blowing  and  suction  as  discussed  below.  The  vorticity  components  are  calculated 
from  the  following  equations: 


a2ux  a2ux  a2uv  a  ~ 

dx2  dz2  dydx  dz 

(2. lid) 

Uy  (x,0,z,t)  =  0 

(2. lie) 

duz  _  dux  _ 
dx  dz 

(2.1(f) 

At  the  outflow  boundary  the  disturbances  are  assumed  to  be  periodic  with  a  wave- 
number  or  and  therefore  we  introduce  into  equations  2.9 


dff 

dx2 


xn. y.z.t 


a2f(xN.  y.z.t) 


(2.12) 


for  every  variable  f.  The  wavenumber  a  is  an  expected  wavenumber  for  the  disturbances 
near  the  outflow  boundary.  This  boundary  condition  works  well  for  small  amplitude 
disturbances,  but  not  for  large  amplitude  dlsturbn;-,~es  which  are  composed  of  nonlinearly 
gener*f"d  'Msturbanr  p  components  with  different  wavenumbers.  These  disturbances  cannot 
pass  through  the  boundary  without  reflections.  Therefore  in  some  cases  the  outflow 


boundary  has  to  be  moved  far  downstream,  because  the  simulation  has  to  be  stopped 
when  disturbances  reach  this  boundary. 
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Along  the  freestream  boundary  we  assume  potential  flow.  Therefore  we  prescribe 
exponential  decay  in  y  of  all  velocity  components: 


du  | 

a" 

x,yu.z.t 

/r7 

<Dv  | 

OC* 

<3y  ^x.yu.z.t 

•/Re 

u(x,yu.z,t) 

v(x,yu,z,t) 


3w  | 

x.yu.z,t 


w<x,yu,z,t) 


(2.13a) 

(2.13b) 


(2.13c) 


where  a*  is  an  expected  wavenumber  dependent  on  x.  The  disturbance  vorticity  components 
are  zero 

tax(x.yu.z.t)  =  0  (2.13d) 

cjy  (x,yu,z,t)  =  0  (2.13e> 

uz(x,yu,z,tl  =  0  ( 2 . 1 3  f ) 

For  the  spanwise  boundaries  at  z=0  and  z  =  Xz  periodicity  conditions  are  employed. 
Thus  for  all  variables  and  their  derivatives 

f(x,y,0,t)  =  f(x,y,Xz,t) 

dnf  I  _  dnf  | 

c)zn  'x.y.O.t  3zn  lx,y,Xz,t 

is  enforced. 

Exploiting  the  periodic  boundary  condition  2.14  we  introduce  a  spectral  ansatz 

K 

f(x.y.z.t)  =  j  Fk<x,y ,t)elkYZ  (2. IS) 

for  all  variables  f.  The  wavenumber  y  is  related  to  the  spanwise  wave  length  y  =  27t/Xz  . 
The  Fk.  are  conjugate  complex  to  the  F-k  ,  and  therefore  the  equations  2.9  can  be  trans¬ 
formed  into  K+l  equations  in  a  plane  integration  domain. 

All  derivatives  in  x  and  y  are  discretized  with  fourth-order  accurate  difference  approx¬ 
imations  and  the  time  integration  is  performed  with  a  third-crder  accurate  Adams-Bash- 
forth  scheme.  At  every  timestep  the  nonlinear  terms  are  computed  using  a  pseudospectral 
method  (Orszag  [IS]).  For  the  solution  of  the  v  Poisson  equation  a  multi  grid  method  [S] 
is  employed,  where  line  iteration  is  used  for  every  grid.  The  u  and  w  Poisson  equations 
are  solved  directly. 

Disturbances  are  introduced  in  a  small  streamwise  domain  -  'he  wall.  Whereas  in 
most  experiments  disturbances  are  introduced  by  a  vibrating  rio  we  introduce  the 
disturbances  by  periodic  blowing  and  suction  through  a  narrow  slot  in  the  wall.  This  is 
also  an  effective  method  to  produce  Tollmien-Schlichting  waves  as  shown  in  the  experi¬ 
ments  of  Kozlov  and  Levchenko  [13].  With  a  given  frequency  and  variation  in  spanwise 
direction  different  kinds  of  two-dimensional  and  oblique  Tollmien-Schlichting  waves  as 
well  as  longitudinal  vortices  can  be  generated.  For  the  calculations  presented  in  this 
paper  we  used 

fv  =  A  va(x)singt 

+  (  Bo  vs(x)  +  B i/2  va(x)sin(-np-  -  j)  (2.16) 

♦  Bi  va(x)singt  )  cos  yz 

with  A  amplitude  of  2-D  TS-wave, 

Bo  amplitude  of  longitudinal  vortex, 

Bi/2  amplitude  of  3-D  subharmonic  disturbance, 

Bi  amplitude  of  3-  D  fundamental  disturb?"'-'*, 

g  disturbance  frequency, 

vs ,a  symmetric  and  antisymmetric  disturbance  function, 
respectively 


(2.14a) 

(2.14b) 
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For  timewise  periodic  disturbances,  Tollmien-Schlichting- waves  are  generated  which 
travel  downstream  into  the  undisturbed  boundary  layer.  Ahead  of  the  timewise  periodic 
Tollmien-Schlichting  wave  is  a  region  of  nonperiodic  disturbances,  which  were  generated 
by  the  start-up  process.  In  this  region  a  broad  band  of  disturbance  frequencies  exist 
which  would  not  pass  the  downstream  boundary  with  boundary  condition  2.12.  Therefore 
the  downstream  boundary  has  to  be  kept  far  enough  downstream,  so  that  these  disturb¬ 
ances  do  not  reach  it. 


3.  Secondary  stability  theory 

For  the  interpretation  of  our  numerical  results  a  secondary  stability  theory,  formu¬ 
lated  similar  to  Herbert  [6,7],  is  employed. 


The  basic  equation  is  the  three-dimensional  vorticity  transport  equation  for  the 
disturbances,  which,  in  a  frame  of  reference  moving  with  speed  cr,  are  : 


dt 


( ( u b  -  cr;  +  u) 


d(Jx 

dx 


w 


dz 


du  ,8ub  au  .  .au 

Ux  tr-  -  <jy  (*T —  ♦  —  >  -  (UiB  +  uz)—  =  Ao>x 


ax 


ay  ay 


dz 


dh)y  ..  .  d(Jy  a<Jy 

~r~  *  (<UB  -  C r )  ♦  U)  —X-  *  V  —X 

at  ax  ay 


amv 

dz 


d\ 

dx 


av  .  ,av 

(Oy  -  lUzB  ♦  Uj)—  =  AlJy 


d(jz 


a<az  ..  ,  diiiz  .aoizB  acjz, 

at  dx  dy  dy  dz 


aw  aw 

-  V)X  - -  -  <Jy  - - 

dy 


ax 


(<JZB  ♦  uz>T^-  =  A(Oz 

az 


(3.1a) 


(3.1b) 


(3.1c) 


i  a2  a2  a2 

The  Laplace  operator  is  defined  as  A  =  ^  (  ^2  +  ^2  *  *  • 

(In  contrary  to  chapter  2  the  y  coordinate  is  not  stretched  with  the  factor  /Re. ) 


Here  it  is  assumed  that  the  two-dimensional  base  flow  is  parallel  (vB  =0).  Further  we 
assume  spatially  periodic  finite  amplitude  disturbances  and  spatially  periodic,  tempo¬ 
rally  amplified  small  three-dimensional  disturbances  of  the  form 
u(x,y,z,t)  =  Ai  (uri  2cosax  -  un  2sinax) 

+  A2  <urii  2cos2ax  -  um  2sin2ax) 

+  e  eat  eyz  (ur  2cosax  -  Ui  2sinax  ♦  uo )  (3.2a) 

v(x,y,z,t)  =  At  (vrt  2cosax  -  vu  2sinax) 

+  A2  (vrix  2cos2otx  -  vin2sin2ax) 

+  e  eot  eyz  (vr  2cosax  -  vi  2sinax  ♦  v0)  (3.2b) 

where  urt  ,  un  ,  vr|  ,  vu  ,  urii,  Um,  Vrll,  and  vm  are  the  eigenfunctions  of  the  two-dimen¬ 
sional  waves,  At  and  A2  are  the  two-dimensional  disturbance  amplitudes,  a  and  y  are 
wavenumbers,  e  is  a  small  amplitude,  ur,  uj,  uo,  vr,  vf  ,  and  vo  are  the  three-dimensional 
eigenfunctions  (longitudinal  vortex  components  Uo  and  vo  ).  0  is  a  complex  frequency 
where  or  is  the  unknown  amplification  rate  and  Si/a  is  the  deviation  of  the  three-dimen¬ 
sional  wave  speed  relative  to  cr. 


This  ansatz  is  different  to  Herbert's  since  ours  allows  two  finite  amplitude  (Ai  ,  A2) 
two-dimensional  waves  with  wavenumbers  a  and  2a.  The  three-dimensional  part  of  the 
disturbance  consists  of  a  pair  of  oblique  waves  (wavenumber  a,y)  and  a  pair  of  counterro¬ 
tating  longitudinal  vortices  (wavenumber  0,y). 

Introducing  ansatz  3.2  in  equation  3.1  and  neglecting  nonlinear  terms  of  the  form  Ai*Ai, 
Ai  *A2  ,  A2  * A2  and  e*e  we  get  after  rearranging  the  following  set  of  equations 
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£((a2  +  72)2tV-2  (a2  4- y2K  4- <"') 

-(U  -  cr)o((a2  +  7 2 )i>,  -  c")  -  U"av,  -  ct(  — (a2  4-  72)ur  +  v'r') 

— -4| {( ti'V  -  (a2  +  y2)u,,)av0  +  (au[,  -  ( a 2  4-  72)t’r/K 
+ -OlUi/Vg  4-  VriVo  +  ((a2  +  72)t’,/  4-  au'rt)au0  +  QD./uj} 

~/l2{(-3a(a2  +  72)u,/;  +  «u?„)i»r  +  (2au'm  -  (a2  +  72)t>r//)u' 

+  3afU,;/l)''  +  Vrliv'r' 

+  (3a(a2  +  72)ur/,  -  au'r',;)i>,  4-  (-2 au'w/  -  (a2  +  72)t>,;/)  d' 

-3aur//u"  +  u./ju'" 

4-2a(a2  +  72)i>j//u,  -  4 a2ur//u'r  4-  2av,uu" 

-2a(a2  +  72)tv;/Ui  -  4a2u,;/u' -  2aur/fu"}  =  0 

jL((a:2  +  72)2u,  -  2(a2  +  72)<  + 

4-(U  ~  c,.)a((a2  +  72)v,  -  n")  4-  U"avT  -  a  (-(a2  4-  72)u,  4-  v") 
+4i{(u'r'/  -  («2  +  72)“r ;)at>0  +  («</  4-  (a2  +  72)f;/K 
-t-aur/VQ  -  Di/Do"  4-  ((a2  4-  72)wr/  -  au'u)au0  4-  aur/,io) 

4-A2{(-3a(a2  4-  72)um  4-  au'r'f/)ur  4-  (2au'r//  4-  (a2  4-  72)i),//)d' 
4-3aur//u"  -  Vinv"' 

—  (3a(a2  4-  72)u>//  -  au'/„)v,  4-  (2au'„  -  (a2  4-  72K/f)t>- 
4-3aui//u"  4-  vr//vj" 

4-2a(a2  4-  72)tv//Ur  4-  4 a2u,;/ti'r  4-  2 at>r//u'r' 

4-2a(a2  4-  72)u,//Ui  -  4a2ur//u|  4- 2aui//u"}  =  0 

_/fe((a2  +  72)2u>-  “  (a2  +  72)u"  4-  a(a2  4-  72)f,'  —  ati-j 

+(1/  —  cr)a  ((a2  4-  72)ui  —  au' )  -  7 2U'vr  -  a  ((a2  4-  72)ur  4-  au-) 

+Al{~t2v'rIu<)  -  7 V/Uq  -  72“'r/«o  -  at),,t)o} 

4-.A2{-72u'//v,  4-  a2urIIv'r  -  at),; tv" 

-75“i/;«i  4-  a2Ui//uJ  4-  avruv'{ 

4-a(a2  4-  7 2)u,//ur  4-  (a2  -  72)t)r //u'r 

-a(a2  4-  7 2)uTnUi  4-  (a2  -  72)fi//«-}  =  0 

^(-(a2  4-  72)2“i  4-  (a2  4-  72)u"  +  a(a2  4-  72)v'  -  at;"') 

—(U  —  cr) a  ((a2  4-  72)ur  4-  auj)  -  ~i2U'vi  -  a((a2  4-  7 2)u;  —  au' ) 
-Ai{-72u'/u0  4-  72v,,u'0  4-  ~i2u'%lv0  -  aur,^'} 

-42{-|-72u"//W  -  a2u,/,t>;  -  avriiv" 

-7 *<//»>,  4-  a2ur//v;  -  avuiv" 

4-a(a2  4-  7 2)ur//ur  -  (a2  -  72)v,;/u' 

4-a(a2  4- 72)«i//“.  4- (a2  -  72)vr//ti|}  =  0 

^(7%  -  2T2<  4-  «*")  -  »K  -  7%) 

-2Ai|-2a72u,7t)r  -  7 2ur/u'  4-  2auav"  4- 11,71)'" 

4-2a72ur/u,  -  72u,/t)'  -  2aur/u"  4- 
4-a72t)r/ur  —  2  a2uriu'r  +  av,;u" 

-a7 2vrIUi  -  2a2u,7«'  -  aur/u''}  =  0 

(uo  -  72«o)  -  -  U'v 0  -  2/1,  {u'r/t)r  4-  u'/t), 

4-v,/u' 4- d.7u'}  =  0 

where  the  prime  denotes  for  derivation  with  respect  to  y. 


(3.3a) 


(3.3b) 


(3.3c) 


(3.3d) 


(3.3e) 


<3 .3  f ) 


With  given  two-dimensional  eigenfunctions,  disturbance  amplitudes  (A,,  A2  ),  velocity 
of  the  reference  frame  cr  (which  is  chosen  according  to  the  wavespeed  of  the  two-dimen¬ 
sional  wave  with  the  largest  amplitude),  wavenumbers  (a,  7),  and  the  Reynoldsnumber, 
this  system  of  equations  yields  an  eigenvalue  problem  for  the  unknown  eigenvalue  0. 

The  boundary  conditions  at  the  wall  are 

Ur,  U,,  U0  ,  VK,  V|,  V0  =  0 

^r,l,0 
dy 


0 


(3.4a) 


At  the  boundary  outside  the  boundary  layer  we  have 


c>Ur,l 

ay 


=  -  /a2+ Y2 


Ur. I 


dVr.l 

ay 


=  -  /a2+y 2 


V  r ,  1 


au0 

ay 


y  u0 


avp 

Jy 


r  vo 


(3.4b) 


The  derivatives  in  direction  normal  to  the  wall  are  approximated  with  7-point  finite 
differences  with  a  maximum  error  of  order  Ay3  .  All  eigenvalues  are  determined  using 
an  IMSL-subroutine. 


Subharmonic  and  fundamental  resonances  are  included  in  the  set  of  equations  3.3. 
With  Ai  =0  we  have  subharmonic  resonance  and  the  longitudinal  vortex  is  decoupled, 
while  A2  -0  yields  the  fundamental  resonance.  Both  amplitudes  Ai  ,  A2  f  0,  allow  for  a 
new  resonance  mechanism.  This  resonance  mechanism  may  be  stronger  or  weaker  than 
subharmonic  or  fundamental  resonance  alone,  depending  on  the  relative  phase  of  the  two 
two-dimensional  waves.  Interactions  of  the  two-dimensional  waves  are  neglected  in  this 
theory.  However,  we  will  also  use  results  of  our  numerical  simulation  for  the  two-dimen¬ 
sional  waves,  whicn,  of  course,  include  effects  of  nonlinear  interaction.  Especially  in  the 
case  of  two-dimensional  nonlinearly  generated  higher  harmonics,  which  are  in  phase  in  a 
"favorable"  way  (according  to  Kachanov  [10])  and  which  have  the  same  wavespeed  as  the 
two-dimensional  fundamental,  this  combined  resonance  model  allows  for  higher  ampli¬ 
fication  rates  than  fundamental  resonance  alone. 

4.  Numerical  Results 

Three  calculations  are  presented  in  this  chapter.  Calculations  for  case  1  and  2  were 
performed  with  similar  parameters  as  the  Klebanoff  experiments  (see  [4]).  With  these 
two  calculations  the  influence  of  additional  longitudinal  vortices  on  the  development  of 
both  subharmonic  and  fundamental  three-dimensional  disturbances  was  investigated  and 
results  were  compared  with  secondary  stability  theory  (see  §3). 

Next,  results  of  an  additional,  third  calculation  (case  3)  are  discussed,  where  param¬ 
eters  were  closely  matched  to  the  experimental  investigation  of  fundamental  breakdown 
of  Kachanov  et  al.  [9,10].  The  results  are  compared  with  those  from  a  fundamental  reso¬ 
nance  model  or  a  subharmonic  resonance  model  (resonance  between  a  two-dimensional 
higher  harmonic  and  the  three-dimensional  fundamental).  In  addition  they  are  compared 
with  the  combined  resonance  model  introduced  in  §3. 

In  all  calculations  discussed  here,  the  Reynolds  number  used  in  the  governing  equa¬ 
tions  was  Re  =  10s  ,  with,  for  example,  free-stream  velocity  Uoo  =30m/s,  reference  length 
L  =  0.05  m,  and  the  kinematic  viscosity  for  air  v  =  1.5  •  10  6  m2/s. 

Influence  of  longitudinal  vortices  on  the  three-dimensional  disturbance 
development 

In  the  pioneering  experiments  of  Klebanoff  et  al.  [12]  the  breakdown  to  turbulence 
was  initiated  by  a  peak-valley-splitting,  three-dimensional  development.  The  calculations 
by  Herbert  [7]  based  on  a  secondary  instability  concept  have  shown  that  a  base  flow 
modulated  with  a  two-dimensional  wave,  with  the  same  parameters  as  in  Klebanoff's 
experiment,  was  more  unstable  with  respect  to  subharmonic  disturbances  than  with  respect 
to  fundamental  ones  He  attributed  the  deviation  from  the  experimentally  observed  behav¬ 
iour  to  the  difference  in  initial  amplitudes  between  the  fundamental  and  the  subharmonic 
three-dimensional  background  disturbances  in  the  experiment.  According  to  his  estimate, 
the  difference  would  have  to  be  at  least  a  factor  of  eight  in  favor  of  the  fundamental 
wave . 

The  calculations  of  Singer  et  al.  [18]  for  spatially  periodic  disturbances  in  plane 
Poiseuille  flow  and  our  own  calculations  for  spatially  developing  disturbances  in  boundary 
layers  have  shown  that  such  a  difference  can  be  explained  by  the  presence  of  longitudinal 
vortices  in  the  base  flow.  This  will  be  demonstrated  below  with  results  of  two  calculations 
based  on  the  Navier-Stokes  model  discussed  in  §2. 

For  these  calculations  two-dimensional  disturbances  are  introduced  (according  to  eq. 
2.16)  with  frequency  0  =  5.88  and  A  -  0.0013  through  suction  and  blowing  at  the  wall. 
The  three-dimensional  disturbance  in  case  1  consisted  of  a  subharmonic  disturbance  with 


B1/2  =  0.0000001  and  of  a  fundamental  disturbance  with  Bi  =  0.0000001  and  Bo  =  0  .  The 
spanwise  wave  number  was  y  =  24.3,  and  the  spectral  approximation  (equation  2.15)  was 
truncated  at  K  =  1.  This  was  considered  to  be  a  sufficient  numerical  resolution  of  the 
initial  three-dimensional  disturbance  development. 

The  spatial  development  of  the  maximum  amplitude  for  the  two-dimensional  Tollmien- 
Schlichting  wave  mode  (1,0)  (modes  are  labeled  according  to  their  position  in  the  frequency- 
spanwise  wavenumber  spectrum),  the  subharmonic  and  fundamental  disturbances  (modes 
(1/2,1)  and  (1.1)),  and  the  longitudinal  vortex  (mode  (0,1)),  can  be  observed  in  figure  2. 
According  to  the  theory  of  secondary  instability  the  longitudinal  vortices  and  the  three- 
dimensional  fundamental  mode  should  have  the  same  amplification  rate.  Such  a  behaviour 
can  also  be  observed  in  the  numerical  results  presented  in  figure  2.  The  subharmonic 
wave  dominates  over  the  fundamental  resonance  pair.  Both,  amplitude  and  growth-rate 
obtained  from  our  numerical  calculations  are  larger  for  the  subharmonic  component. 
A  closer  look  at  the  fundamental  mode  and  the  longitudinal  vortex  mode  has  shown,  that 
there  is  no  fundamental  resonance  unless  the  amplitudes  of  both  disturbance  components 
have  the  same  order  of  magnitude.  This  is  due  to  the  fact  that  both  of  these  components 
are  needed  to  form  the  fundamental  resonance  (see  Herbert  [8]). 

The  growth-rates  obtained  from  a  secondary  stability  theory  calculation  at  x  =  12.0, 
for  both  the  subharmonic  and  the  fundamental  resonances,  are  represented  in  figure  2  as 
lines  "a"  and  "b"  for  comparison  (the  temporal  growth-rate  was  transformed  in  a  spatial 
growth-rate  with  ai  =-cr/cr  )  •  These  lines  may  be  shifted  parallelly  in  y-direction  by 
any  arbitrary  amount,  due  to  the  fact  that  initial  amplitudes  are  not  considered  in  the 
theory.  In  figure  2  the  lines  were  drawn  slightly  below  the  curves  obtained  from  the 
Navier-Stokes  calculations  to  not  obscure  the  numerical  results.  It  is  obvious  that  the 
theoretical  growth  rates  agree  very  well  with  our  Navier-Stokes  results.  In  particular  the 
higher  amplification  of  the  subharmonic  wave  in  comparison  with  the  fundamental  wave 
agrees  also  with  secondary  instability  investigations  [7], 

Amplitudes  and  phases  of  the  three-dimensional  disturbances  obtained  from  the 
numerical  calculation  are  compared  with  secondary  stability  theory  in  figure  3.  The  agree¬ 
ment  for  the  subharmonic  and  for  the  fundamental  three-dimensional  wave  is  also  very 
good.  Differences  appear  for  the  uo-component  of  the  longitudinal  vortex  (mode  (0,1)). 
We  believe  that  these  differences  must  be  due  to  the  absence  of  streamwise  derivatives 
in  the  temporal  theory  for  the  mode  (0,1).  The  agreement  of  the  amplification  rates  for 
the  fundamental  case  between  theory  and  numerical  simulation  is  therefore  even  more 
astonishing. 

Results  for  case  2  are  presented  in  figure  4.  The  only  difference  between  this  case 
and  case  1,  was  an  additional  steady  three-dimensional  disturbance  with  amplitude 
Bo=0. 0000024  (eq.  2.16)  at  the  disturbance  input  strip.  From  previous  numerical  calculations 
we  know  that  this  additional  disturbance  simulates  longitudinal  vortices.  The  effects  of 
this  additional  disturbance  on  the  amplitude  growth  curves  can  be  clearly  seen  in  figure 
4.  Here,  the  amplitudes  of  the  fundamental  wave  resonance  pair  are  larger  than  the  sub¬ 
harmonic  wave,  while  the  growth  rates  are  still  essentially  the  same  as  for  case  1  in 
figure  2.  This  behaviour  may  be  explained  as  follows:  Calculations  for  case  2  have  shown 
(see  figure  2),  that  both  the  longitudinal  vortex  mode  (0,1)  and  the  fundamental  three-di¬ 
mensional  disturbance  component  (1,1)  must  approximately  have  the  same  amplitude  for 
fundamental  resonance  to  take  place.  At  the  disturbance  input  the  amplitude  of  mode 
(0.1)  in  figure  4  is  about  one  order  of  magnitude  bigger  than  the  amplitudes  of  the  other 
three-dimensional  disturbances,  and,  contrary  to  case  1  it  does  not  decay  in  downstream 
direction.  Therefore  much  more  favorable  "initial"  conditions  exist  for  the  fundamental 
resonance  than  for  subharmonic  resonance.  The  amplitude  of  the  fundamental  three-di¬ 
mensional  wave  is  strongly  amplified  until  it  catches  up  with  mode  (0,1).  After  a  short 
distance,  between  x^lO.  and  x^ll.5,  where  the  amplitudes,  due  to  initially  different  phase 
speeds,  deviate  once  again,  the  (1,1)  and  (0,1)  modes  continue  with  practically  the  same 
amplification  rate  as  in  the  previous  case  (figure  2). 

The  wavy  behaviour  of  the  subharmonic  in  figure  4  is  due  to  numerical  round-off 
errors  because  of  its  relatively  small  amplitude  in  comparison  with  the  fundamental 
disturbance. 

We  may  conclude  that  the  influence  of  longitudinal  vortices,  as  long  as  their  intensity 
is  small  compared  to  the  two-dimensional  wave  amplitude,  does  not  alter  the  growth 
rates  of  the  fundamental  and  the  subharmonic  three-dimensional  disturbances,  but  rather, 
that  they  only  change  the  local  conditions  such  that  the  fundamental  resonance  is  favored. 
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Verification  of  the  combined  resonance  concept 

The  parameters  for  this  numerical  simulation  (case  3),  were  adjusted  such  that  the 
disturbance  amplitudes  matched  the  experimental  values  at  the  first  downstream  measuring 
location  (X=300mm,  in  [9,10])  as  closely  as  possible.  The  actual  values  were  0  =  11,  A  =  0.00S, 
Bo  =0.00013,  Bi  =0.  B1/2  =0  and  y  =  42.3  .  The  disturbances  were  introduced  at  x^l.45  down¬ 
stream  from  the  leading  edge  of  the  flat  plate.  For  this  simulation  eight  three-dimensional 
spanwise  modes  (K=8)  were  used  and  therefore  the  disturbance  development  can  be  realisti¬ 
cally  followed  far  downstream. 

A  detailed  comparison  of  the  results  of  the  numerical  simulation  with  the  experimental 
measurements  is  given  elsewhere  [17].  In  this  paper  the  emphasis  is  on  the  importance  of 
the  two-dimensional  higher  harmonics  and  on  the  effects  of  longitudinal  vortices  on  the 
initial  stages  of  the  three-dimensional  transition  process. 

The  downstream  development  of  the  disturbance  amplitudes  for  various  modes  obtained 
from  the  numerical  simulation  is  shown  in  figure  S.  A  comparison  with  results  of  the 
preceding  cases  (figures  2  and  4)  indicates  much  larger  amplitudes  of  the  three-dimensional 
(0,1)  and  two-dimensional  (1,0)  disturbance  components  at  the  input  strip  although  no 
additional  three-dimensional  disturbances  were  introduced  at  the  blowing  and  suction 
slot.  The  three-dimensional  wave  component  (1,1)  is  produced  by  nonlinear  interaction 
betweeen  modes  (1,0)  and  (0,1).  The  higher  harmonics  of  the  three-dimensional  funda¬ 
mental  component  (1,1)  are  generated  further  downstream  and  come  in  with  ever  increasing 
growth  rates  (figure  5).  After  the  three-dimensional  disturbance  components  approximately 
reach  the  same  amplitude  level  of  the  two-dimensional  components,  they  begin  to  saturate. 

Due  to  the  relatively  high  disturbance  amplitude  of  the  two-dimensional  disturbance 
component  (1,0),  two-dimensional  higher  harmonics  are  generated  which  can  be  seen  in 
figure  6.  Here  the  disturbance  spectrum  at  x-1.75,  approximately  one  Tollmien-Schlichting 
wavelength  downstream  of  the  disturbance  strip  is  shown.  From  figure  6  it  is  obvious 
that  our  combined  resonance  model  is  well  suited  to  model  the  disturbance  development 
at  x  =  1.75,  since  it  includes  all  relevant  harmonics. 

In  figure  7  tne  amplification  rates  on  («i=-d(ln  max(u))/dx,  for  the  maximum  of  u)  of 
the  three-dimensional  modes  (0,1)  and  (1,1)  are  compared  with  the  local  growth  rates  as 
predicted  by  the  various  secondary  stability  models  discussed  in  §3.  In  particular  they 
are  compared  with  theoretical  results  from  a  model  of  fundamental  resonance  between 
modes  (1,0),  (0,1),  and  (1,1),  and  a  model  for  subharmonic  resonance  between  modes  (2,0) 
and  (1,1),  as  well  as  with  results  from  a  model  allowing  for  combined  resonance  between 
modes  (1,0),  (2,0),  (0,1),  and  (1,1).  It  is  evident  that  neither  the  fundamental  nor  the  sub¬ 
harmonic  resonance  models  capture  the  actual  growth  rates  observed  in  the  numerical 
simulation.  However,  the  combined  resonance  model  appears  to  capture  the  growth  rates 
of  the  simulation  quite  well. 

The  subharmonic  resonance  model,  which  was  proposed  by  Kachanov  [10]  (based  on 
the  Nayfeh-Bozatli  model),  places  too  much  emphasis  on  the  role  of  the  two-dimensional 
higher  harmonics.  It  is  incomplete  in  the  sense  that  it  neglects  the  contribution  of  the 
longitudinal  vortex  mode  (0,1)  to  the  amplification  of  the  three-dimensional  disturbances. 

A  comparison  of  amplitude  and  phase  distributions  with  respect  to  y  at  x  =  2.2S  obtained 
from  the  combined  resonance  model  and  the  numerical  simulation  is  shown  in  figure  8  in 
a  way  similar  to  figure  3.  Mode  (1,1)  compares  very  well  with  the  results  from  the  numer¬ 
ical  simulation,  while  mode  (0,1),  shows  the  same  qualitative  differences  as  already  ob¬ 
served  in  figure  3. 

In  summary,  the  combined  resonance  model  represents  a  much  better  approximation 
to  the  breakdown  process  in  the  experiment  of  Kachanov  than  either  the  fundamental 
resonance  model  or  the  model  proposed  by  Kachanov.  The  improvement  is  due  to  the 
inclusion  of  both  the  higher  harmonic  two-dimensional  disturbances  and  the  longitudinal 
vortices . 

S.  Conclusions 

Our  numerical  simulations  of  the  secondary  instability  in  a  transitional  spatially 
growing  boundary  layer  clearly  demonstrate  that  a  steady  spanwise  modulation  resembling 
longitudinal  vortices,  together  with  a  pair  of  oblique  waves  form  the  essential  three-dimen¬ 
sional  disturbance  part  in  fundamental  resonance.  Consequently,  any  of  these  disturbance 


components  can  nonlinearly  generate  the  other  components,  provided  that  a  finite  two-di¬ 
mensional  Tollmien-Schlichting  wave  exists.  and  provided  that  its  amplitude  dominates 
upstream  of  the  region  where  fundamental  resonance  takes  place.  In  experiments  this 
could  occur  for  example  where  fundamental  and  subharmonic  disturbance  waves  originate 
from  random  noise,  and  where  longitudinal  vortices  are  due  to  irregularities  in  the  base 
flow.  In  such  a  case,  as  demonstrated  in  our  calculations,  three-dimensional  disturbance 
amplitudes  resulting  from  fundamental  resonance  can  dominate  over  those  from  subhar¬ 
monic  resonance  although  the  subha.  monic  resonance  yields  larger  growth  rates. 

The  combined  resonance  model  presented  in  this  paper  was  verified  by  a  comparison 
with  the  experiment  [9,10]  and  our  numerical  simulation.  The  improvement  of  this  model 
over  the  subharmonic  resonance  model  proposed  in  [10]  is  due  to  the  inclusion  of  the 
longitudinal  vortex  mode  and  the  improvement  over  the  fundamental  resonance  model  is 
due  to  the  inclusion  of  the  two-dimensional  higher  harmonic. 
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Figure  4:  Amplitude  development  of  2-D 
TS-wave,  3-D  subharmonic,  3-D  fundamental, 
and  longitudinal  vortex  (  case  2  :  additional 
longitudinal  vortices  from  disturbance  input), 
a.  b  =  growth  rates  of  secondary  stability 
theory 


Figure  6:  Disturbance  spectrum  at  x=1.75 
in  n.k  plane  (n  disturbance  frequency, 
k  spanwise  wavenumber  ) 


Figure  S:  Amplitude  development  of  modes 
(n.k)  in  the  numerical  simulation  (case  3). 
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Figure  7:  Comparison  of  theoretical  ampli¬ 
fication  rates  ai  for  subharmonic  resonance 
(▼),  fundamental  resonance  (a),  and  combined 
resonance  (•)  with  amplification  rates  for 
modes  (0,1),  and  (1,1)  from  numerical 
simulation  (case  3). 


Figure  8:  Comparison  of  3-D  amplitudes  and 
phases  from  numerical  simulation  (case  3) 
with  secondary  stability  theory  at  x  =  2.25. 
a),  b)  fundamental  disturbance  component 
c)  longitudinal  vortex  component 


~  -  r  - 


5. 


8-1 


GORTLER  INSTABILITY  ON  AN  AIRFOIL:  COMPARISON  OF 
MARCHING  SOLUTION  WITH  EXPERIMENTAL  OBSERVATIONS 


Vijay  Kalburgi*  and  Siva  M.  Mangalam” 

Analytical  Services  and  Materials,  Inc., 
107  Research  Drive 
Hampton,  Virginia  23666 

and 

J.  Ray  Dagenhart*” 

NASA  Langley  Research  Center, 
Hampton,  Virginia  23665 


SUMMARY 


Theoretical  predictions  based  on  the  marching  technique  are  compared  with  experimental  observations  on  an  airfoil  with 
a  concave  region.  Theoretical  predictions  of  the  wavelength  of  the  most  amplified  Gortler  vortex  are  in  excellent  agreement 
with  the  experimental  observations  for  the  range  of  chord  Reynolds  numbers  from  1.0  to  3.67  million.  In  the  convex  zone, 
solutions  from  the  marching  technique  showed  that  the  initial  counter-rotating  vortex  pairs  lift  off  the  surface  and  dissipate 
while  another  layer  of  vortex  pairs  of  opposite  rotation  develops  near  the  surface.  This  confirms  the  experimentally 
observed  double  peaked  streamwise  velocity  perturbations.  Furthermore,  the  streamwise  velocity  perturbations  which 
dominate  spanwise  variation  in  the  surface  shear  stress  distribution  shift  by  half  a  wavelength  in  the  convex  region.  The 
experimental  flow  visualization  photographs  clearly  confirm  this  phenomena. 
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background 


Advanced  supercritical-laminar-flow-control  (SCLFC)  airfoils  ( 1-3]  have  concave  regions  on  the  lower  surface  both  near 
the  leading  and  trailing  edges  with  substantial  lift  contributed  in  these  regions.  Whereas  Tollmien-Schlichting  (TS)  and 
crossflow  instabilities  dominate  on  the  upper  surface,  the  concept  of  the  SCLFC  airfoil  with  the  front-  and  aft-loaded 
concave  lower  surface  critically  hinges  on  the  maintainability  of  laminar  flow  in  these  concave  curvature  regions  where 
Gdrtler  instability  may  cause  premature  transition.  It  was  well  known  even  before  the  initial  theoretical  studies  by  Gdrtler 
that  the  laminar  boundary  layers  on  concave  walls  become  turbulent  at  smaller  Reynolds  numbers  than  on  flat  or  convex 
walls  [4],  Since  both  Gortler  vortices  and  TS  waves  will  be  generated  in  the  concave  region,  the  best  technique  to  delay 
transition  is  not  clear.  One  of  the  techniques  suggested  by  IF.  Pfenninger  [l]  to  delay  transition  along  the  concave  surfaces 
of  the  SCLFC  airfoil  was  to  split  the  concave  region  into  a  finite  number  of  highly  curved  regions  connected  by  linear 
segments.  Suction  on  the  compression  side  of  the  concave  regions  not  only  insures  attached  flow  but  also  minimizes  the 
growth  of  Gdrtler  vortices  and  TS  waves.  This  concept  v.  as  applied  in  the  SCLFC  wing  model  tested  in  the  8-Foot  Transonic 
Pressure  Tunnel  at  NASA  Langley  [2].  Approximate  Gdrtler  stability  calculations  [2]  using  Smith’s  curves  [5]  indicated 
that  such  an  approach  would  minimize  the  overall  Gdrtler  vortex  amplification  as  compared  to  the  continuous  curvature 
case.  Since  there  is  neither  rigorous  theoretical  proof  nor  any  experimental  evidence  to  support  this  concept,  theoretical 
and  experimental  studies  of  Gdrtler  instability  on  airfoils  were  undertaken  to  verify  this  concept. 

INTRODUCTION 


Theory 

The  counter-rotating  streamwise  vortices  that  arise  due  to  an  imbalance  between  pressure  and  centrifugal  forces  in 
laminar  boundary  layers  along  concave  walls  were  first  predicted  and  theoretically  analyzed  by  Gdrtler  [6],  after  whom  the 
non-dimensional  stability  parameter 

G  =  (6rK)1/2  Ux6r/v 

is  named.  His  analysis  of  the  instability  of  a  boundary  layer  along  a  concave  wall  was  similar  to  Taylor’s  analysis  for 
couette  flow  between  counter-rotating  cylinders  [7] .  There  have  been  two  distinct  theoretical  approaches  to  solve  the  linear 
stability  problem.  In  the  classical,  normal-mode  approach  (NMA)  [5,8-10],  the  periodicity  of  the  disturbance  in  the  spanwise 
direction  and  the  assumption  that  the  basic  flow  is  quasi-parallel  or  parallel  allows  for  the  solution  to  be  expressed  in  the 
normal-mode  form.  This  assumes  the  shapes  of  the  perturbation  profiles  are  invariant  in  the  streamwise  direction  while 
their  amplitudes  grow  at  a  common  rate.  The  governing  partial  differential  equations  are  reduced  to  a  system  of  ordinary 
differential  equations  that  form  an  eigenvalue  problem  which  is  solved  numerically  for  the  wave  number,  amplification 
rate,  and  Gdrtler  number  (a,  3,  G).  In  each  of  these  investigations  a  unique  neutral  curve  (but  often  different  from  the 
unique  neutral  curve  of  other  NMA  studies)  was  obtained.  Although  the  general  approach  is  similar,  the  various  NMA 
investigations  disagree  in  the  details  of  the  problem  formulation,  the  solution  technique,  and  results  [8]. 

Following  Gdrtler  [6]  and  Smith  [5],  the  next  major  breakthrough  in  the  study  of  Gdrtler  instability  was  achieved  by 
Hall,  who  in  a  series  of  studies  on  Gdrtler  instability  [11-12]  showed  that  the  linear  stability  equations  governing  Gdrtler 
instability  cannot  be  reduced  to  ordinary  differential  equations,  but  instead  are  partial  differential  equations  parabolic 
in  the  streamwise  direction.  He  argued  that  the  effect  of  the  non-parallel  nature  of  the  basic  flow  in  which  the  Gdrtler 
vortices  develop  is  not  negligible,  and  the  approximations  of  the  equations  that  result  in  ordinary  differential  equations 
cannot  be  justified;  and  that  the  parallel  flow  theories  are  irrelevant  except  for  the  small  wavelength  limit  with  the  main 
deficiency  of  the  parallel  flow  theories  arising  from  their  inability  to  describe  adequately  the  decay  of  the  vortex  at  the 
edge  of  the  boundary  layer.  Hall  concluded  this  to  be  the  cause  of  th.  wide  spread  of  neutral  curves  predicted  by  the 
various  normal-mode  analyses.  He  then  solved  the  governing  partial  differential  equations  as  an  initial  value  problem  using 
a  finite  difference  marching  scheme  [12].  The  main  result  of  his  study  was  that  the  growth  of  the  Gdrtler  vortices  depended 
crucially  on  how  and  where  the  boundary  layer  was  perturbed.  Hall  obtained  multiple  neutral  curves  (figure  1)  leading 
him  to  conclude  that  the  concept  of  a  unique  neutral  stability  curve  is  not  tenable  in  the  Gdrtler  problem  except  for 
asymptotically  small  wavelengths. 

While  classical  normal-mode  prediction  of  a  unique  most  amplified  Gdrtler  vortex  wavelength  clearly  implies  the 
dependence  of  the  dimensional  Gdrtler  vortex  wavelength  on  freestream  conditions  and  curvature,  experimental  data 
from  studies  other  than  that  of  Mangalam  and  Dagenhart  [13-16]  have  led  to  the  conclusion  that  the  vortex  wavelength 
is  determined  mainly  by  the  experimental  apparatus  or  the  disturbance  field  in  the  freestream.  The  apparent  multiplicity 
of  neutral  curves,  and  the  need  for  precise  initial  conditions  to  solve  the  partial  differential  equations  in  the  marching 
technique  reinforces  the  view  that  the  Gdrtler  instability  problem  cannot  be  solved  satisfactorily.  In  contrast,  the  linear 
stability  theory  for  Tollmien-Schlichting  waves  is  known  to  predict  the  frequency  and  wavelength  of  the  most  amplified 
disturbances  for  given  geometry  and  freestream  conditions  [17-20]  which  is  used  in  conjunction  with  the  empirical  exp(n) 
technique  to  predict  the  disturbance  growth  from  the  neutral  point  and  provide  a  reasonable  estimate  of  the  transition 
location.  We  were  faced  with  this  dilemma  while  trying  to  solve  practical  problems  involving  the  growth  of  Gdrtler  vortices 
along  the  concave  surface  of  a  SCLFC  airfoil.  A  study  to  examine  the  normal-mode  and  marching  solution  techniques 
was  therefore  initiated  by  the  authors  [21,22],  For  the  sake  of  completeness,  the  theoretical  formulation  is  discussed  in  the 
appendix. 

It  was  discovered  in  this  study  [21.22]  that  Hall’s  initial  conditions,  such  as 

U(v)  =  fi6exp(-r/2),  F(r?)=0 

satisfy  the  Navier-Stokes  equations  but  do  not  correspond  to  streamwise  vortices.  The  above  initial  conditions  and  the 
resulting  W-component  computed  for  a  =  0.069,  Gv  =  0.025  at  £  =  20.1  are  plotted  in  figures  2(a)-(b).  It  is  clear  that  these 
components  do  not  have  any  of  the  characteristics  of  eigenfunctions  obtained  from  NMA.  The  f/-component  has  zero  slope 
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at  the  wall  while  V(q)  =  0  leads  to  a  W-component  with  a  highly  unusual  double  crossover  profile.  The  velocity  vector 
plot  (figure  2(c))  in  the  r/-z  plane  clearly  shows  that  these  initial  conditions  do  not  correspond  to  streamwise  vortices. 
Examination  of  solutions  obtained  from  integrating  the  perturbation  governing  equations  with  Hall’s  initial  conditions 
showed  that  near  the  starting  location  the  [/-component  is  always  strongly  damped,  and  the  V-component  which  was 
initially  zero  is  highly  amplified.  However,  after  some  adjustment  distance,  the  U-  and  K -components  tend  to  amplify  at  a 
common  rate.  Similar  behavior  was  noted  when  the  initial  conditions  were  imposed  at  other  streamwise  locations  and  for 
different  wall  curvatures  as  well.  It  was  with  the  choice  of  such  initial  conditions  which  invariably  produce  damping  of  the 
dominant  /'-component  in  the  starting  region  that  Hall  was  able  to  obtain  the  lower  part  of  the  neutral  curves  at  small 
Gortler  numbers. 

This  problem  was  also  addressed  by  Day,  Saric.  and  Herbert  [23]  as  presented  in  a  short  course  organized  by  the  AIAA 
on  stabd’ty  and  transition  in  1985.  Saric,  who  discussed  Gortler  instability  in  this  course,  observed  that  Hall’s  initial 
conditions  were  bizarre  and  always  produced  initial  decay.  Results  presented  were  for  A  =  49.98  and  62.14  from  which  it 
appears  that  attempts  were  made  to  reproduce  the  neutral  stability  curve  for  the  Gortler  problem  using  Hall’s  technique. 
They  observed  that  all  solutions  tend  towards  some  ’’universal”  behavior.  Kalburgi,  Mangalam,  and  Dagenhart  [21.22] 
not  only  recognized  the  nature  of  the  initial  conditions  in  ref.  12,  but  also  established  the  consequences  of  selecting  such 
physically  unrealistic  initial  conditions  which  led  to  the  discovery  that  normal-mode  solutions  are  actually  the  natural 
solutions  of  Hall’s  partial  differential  equations  for  the  Blasius  boundary-layer  on  a  constant  concave  curvature  wall. 

Comparisons  of  solutions  from  the  marching  technique  in  the  common  amplification  region,  with  eigenfunctions  and 
amplification  rates  from  corresponding  normal-mode  analyses  showed  excellent  agreement.  It  was  observed  that  irrespective 
of  the  location  and  shape  of  the  initial  velocity  profiles,  when  0U  ^  0V,  both  the  amplification  rates  as  well  as  perturbation 
velocity  profiles  were  in  excellent  agreement  with  amplification  rates  and  eigenfunctions  from  corresponding  normal-mode 
analyses.  The  next  logical  step  was  to  impose  normal- mode  eigenfunctions  as  initial  conditions  for  the  marching  technique. 
Comparison  of  amplification  rates  and  perturbation  velocity  profiles  with  corresponding  normal-mode  amplification  rates 
and  eigenfunctions  showed  excellent  agreement  right  from  the  starting  location.  Such  comparisons  were  made  over  a 
wide  range  of  A  with  normal-mode  initial  conditions  imposed  at  various  streamwise  locations.  Excellent  agreement  with 
corresponding  normal-mode  analyses  was  noted  in  each  case.  The  obvious  conclusion  of  this  exercise  was  that  the  normal¬ 
mode  eigenfunctions  are  not  only  the  natural  solutions  of  the  marching  Gortler  problem  but  also  its  natural  initial  conditions 
[21.22]. 

The  multiplicity  of  neutral  curves  now  posed  the  problem  of  the  correct  choice  of  initial  conditions.  Neutral  curves 
demarcate  regions  of  stability  and  instability.  Since  n-factors  are  computed  by  integrating  the  amplification  rates  from 
the  neutral  stability  point,  the  various  neutral  curves  were  thought  to  affect  integrated  amplification  rates  substantially 
[9],  This  led  to  studies  to  identify  the  correct  neutral  curve  [8-10],  We  conducted  numerical  experiments  with  the  various 
non-parallel  basic  flow  terms  of  the  perturbation  governing  equations  in  the  normal-mode  approach.  The  neutral  curves 
obtained  for  the  various  basic  flow  approximations  appear  to  differ  significantly.  However,  in  transition  prediction,  the 
amplification  which  leads  to  transition  is  the  primary  objective  and  the  most  commonly  used  semi-empirical  technique  is 
the  exp(n)  method.  We  computed  the  n-factors  as  a  function  of  the  wavelength  parameter  A  starting  from  neutral  stability 
to  G  =  20.0.  No  significant  difference  was  found  in  the  n-factors  computed  for  cases  with  the  various  basic  flow  assumptions 
over  the  wide  range  of  A.  This  is  not  unexpected  for  the  computed  amplification  rates  were  in  good  agreement  everywhere 
except  at  low  Gortler  numbers  in  the  neutral  stability  region.  The  amplification  rates  are  quite  small  in  this  region  and 
therefore  had  negligible  influence  on  the  n-factors.  This  study  established  that  when  the  exp(n)  technique  is  employed  for 
transition  prediction,  the  multiplicity  of  neutral  curves  in  NMA  is  irrelevant  and  the  effect  of  various  non-parallel  basic 
flow  terms  on  integrated  amplification  in  minimal  [22], 

Some  results  of  this  study  [21,22]  are  presented  in  the  following  figures.  The  evolving  perturbation  velocity  profiles 
from  the  marching  technique  with  Hall’s  initial  conditions  imposed  and  with  the  natural  initial  conditions  imposed  are 
compared  with  corresponding  normal-mode  eigenfunctions  with  quasi-parallel  and  parallel  basic  flows  in  figures  3(a)-(b). 
Note  the  excellent  agreement  of  solutions  from  marching  technique  (with  natural  initial  conditions)  and  normal-mode 
eigenfunctions.  The  behavior  of  the  perturbation  velocity  profiles  when  Hall’s  initial  conditions  are  imposed  can  also  be 
seen  in  the  figures.  Figure  4  shows  comparison  of  amplification  rates  from  the  marching  technique  and  normal-mode 
analyses.  The  amplification  histories  for  marching  technique  solutions  with  Hall’s  as  well  as  the  natural  initial  conditions 
are  as  described  earlier.  The  amplification  rates  from  normal-mode  analyses  with  parallel  and  quasi-parallel  basic  flow  are 
also  in  excellent  agreement  with  each  other.  The  widely  differing  neutral  curves  which  are  a  result  of  the  various  basic  flow 
approximations  are  shown  in  figure  5  while  figure  6  shows  the  variation  of  n-factors  with  A.  The  most  amplified  Gortler 
vortex  wavelength  was  A  %  210  in  all  rases. 

The  major  conclusions  of  this  study  [21,22]  are: 

1.  When  physically  realistic  initial  conditions  are  imposed,  the  NMA  and  marching  technique  produce  identical  results. 

2.  Neglecting  various  non-parallel  basic  flow  terms  in  the  NMA  produced  significantly  differing  neutral  curves,  but  their 

impact  on  the  integrated  amplification  was  minimal. 

Experiments 

The  firs,,  experiment  to  visualize  Gortler  vortices  was  conducted  by  Gregory  and  Walker  [24]  using  the  china  clay  method. 
A  number  of  experiments  have  since  been  conducted  to  visualize  the  Gortler  vortices  as  well  as  to  me  ure  their  velocity 
profiles  [25-35],  A  common  feature  of  all  these  experimental  studies  is  that  the  pressure  gradient  along  the  concave  wall 
was  manipulated  by  adjusting  the  opposite  tunnel  wall,  i.e.,  essentially  carried  out  in  internal  flows  where  the  pressure 
gradient  is  determined  by  mass  flow.  However,  in  external  flows  the  pressure  gradient  is  primarily  determined  by  the 
surface  geometry.  Furthermore,  in  external  flows,  i.e.,  flow  past  airfoils,  the  laminar  boundary  layer  is  sensitive  to  the 
positive  pressure  gradient  that  exists  in  the  concave  region  resulting  in  either  laminar  separation  or  early  transition.  The 
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only  way  to  avoid  laminar  boundary-layer  separation  problems  on  airfoils  with  concave  curvature  is  by  applying  suction  in 
the  compression  regions. 

The  first  such  experiment  on  a  representative  airfoil  with  suction  in  the  concave  region  was  conducted  by  Mangalam 
and  Dagenhart  [13-16]  at  NASA  Langley  Research  Center. 

The  Cldrtler  vortex  instability  was  examined  on  a  1.83  meter  airfoil  (figure  7)  by  Mangalam  and  Dagenhart  [13-16) 
in  the  Low-Turbulence  Pressure  Tunnel  (LTPT)  at  NASA  Langley  Research  Center.  The  experiment  was  conducted  at 
atmospheric  pressure  and  Mach  number  ranging  from  0.024  to  0.125.  The  airfoil  was  designed  to  consist  of  two  parts:  a 
structural  element  and  a  test  insert.  The  insert  includes  the  leading  edge  and  the  upper  surface  back  to  mid  chord,  while 
the  structural  element  consists  of  the  spar  and  remainder  of  the  airfoil  surface  including  a  10%chord  flap.  The  objective  of 
this  program  is  to  verify  the  design  technique  proposed  by  W.  Pfenninger  [1[  by  conducting  experiments  on  the  same  airfoil 
with  test  inserts  of  different  geometries  and  comparing  their  amplification  histories.  The  test  insert  in  this  experiment  had 
a  continuous  curvature  distribution  in  the  concave/convex  region.  The  curvature  distribution  in  the  test  region  is  shown 
in  figure  8.  The  concave  region  extends  from  x/c  =  0.175  to  x/c  =  0.275  with  a  minimum  radius  of  curvature  of  0.24  1 

m.  Attached  flow  in  the  compression  region  was  insured  by  applying  suction  through  a  perforated  titanium  panel.  This 
suction  region  was  divided  into  three  spanwise  suction  strips,  with  suction  in  each  strip  independently  controlled  by  its 
own  needle  valve.  The  airfoil  was  specifically  designed  to  have  a  relatively  flat  or  slightly  favorable  pressure  distribution 
upstream  of  the  concave  region  (figure  9).  This  was  maintained  by  using  the  10%  chord  flap  to  control  the  stagnation  point 
location.  The  Gortler  vortices  were  visualized  using  sublimating  chemicals  and  a  specialized,  single  axis,  three  component 
laser  velocimeter  was  used  to  study  the  flow  field  in  the  test  region. 

A  thin  layer  of  solid  white  biphenyl  material  was  sprayed  over  the  black  model  surface  to  visualize  the  flow.  Depending 
on  the  free  stream  velocity,  30-60  minutes  were  required  for  the  pattern  to  emerge.  The  representative  flow  patterns  at 
Rer  of  2.24.  3.21,  and  3.67  million  are  shown  in  figures  10(a)-(b),  respectively.  The  perforated  titanium  suction  panel  is 
visible  at  the  upstream  edge  in  each  photograph.  The  dark  streaks  represent  regions  of  high  shear  where  the  chemical  layer 
has  sublimed  to  reveal  the  black  surface  whereas  the  white  streaks  correspond  to  regions  of  low  shear.  While  no  streaks 
were  observed  upstream  of  the  concave  zone,  the  streaks  downstream  of  the  suction  panel  were  essentially  uniformly  spaced 
along  the  span.  The  wavelength  of  the  Gortler  vortices,  represented  by  a  set  of  dark  and  white  streaks,  was  determined 
by  averaging  the  number  of  pairs  of  streaks  over  a  15-45  cm  span.  The  dimensional  wavelength  was  observed  to  remain 
unchanged  throughout  both  the  concave  and  convex  regions.  Though  vortex  damping  was  indicated  by  considerable 
decrease  in  contrast  in  the  convex  region,  the  streaks  remained  visible  all  the  way  up  to  the  jagged  transition  line. 

Laser  velocimeter  measurements  were  made  at  several  streamwise  locations  at  Rec  of  1.0,  2.1,  3.1,  and  3.67  million. 

Some  representative  measurements  and  results  for  Rec  of  2.1  million  are  shown  in  the  following  figures.  Figure  11  shows 
the  spanwise  variation  of  streamwise  velocity  at  x/c  =  0.25  for  different  heights  above  the  model  surface.  The  spanwise 
periodicity  of  the  streamwise  velocity  component  is  evident  in  this  figure  with  the  wavelength  of  this  variation  being  about 
0.3  cm.  The  maximum  disturbance  amplitude  occurs  at  y  =  0.09  cm  above  the  model  surface.  Figures  12(a)-(b)  show 
the  spanwise  variation  of  the  streamwise  perturbation  velocity  and  the  power  spectral  density  function  for  x/c  =  0.25 
and  height  of  0.09  cm  above  the  model  surface.  While  the  spanwise  periodicity  is  again  quite  evident  in  figure  12(a),  the 
streamwise  velocity  perturbations  can  be  seen  to  vary  by  ±8%  of  the  local  edge  velocity.  The  PSD  shown  as  a  function 
of  the  wavelength  (figure  12(b))  clearly  indicates  the  dominant  wavelength  to  be  0.3  cm.  This  is  also  in  agreement  with 
the  wavelength  observed  in  flow  visualization  efforts.  Results  similar  to  those  in  figures  11  and  12  obtained  for  other 
measurement  locations  as  well  as  for  different  Rer  are  available  in  references  13-16. 

The  major  findings  of  this  experiment  [13-16]  can  be  summarized  as  follows: 

1.  The  Gortler  vortices  were  essentially  uniformly  spaced  in  the  concave  and  the  convex  regions  right  up  to  the  transition 

line. 

2.  The  vortex  wavelength  remained  fixed  at  a  given  freestream  condition,  varied  appreciably  with  changes  in  freestream 

conditions,  and  was  repeatable  in  both  flow  visualization  and  laser  velocimeter  measurements. 

3.  The  vortices  amplified  in  the  concave  region  and  sharply  damped  in  the  convex  region. 

4  The  phase  relations  for  the  Gortler  vortex  velocity  components  U,  V,  and  W  are 

U{x,y,z)  ~  cos(oz) 

V ( x ,  y,  z)  ~  cos(az  +  zr) 

W ( x ,  y,  z)  ~  cos(az  ±  zr/2) 


COMPARISON  OF  EXPERIMENTAL  RESULTS  WITH  THEORY 

The  Gortler  vortex  instability  on  the  airfoil  tested  by  Mangalam  and  Dagenhart  in  the  LTPT  is  now  theoretically 
examined  using  the  marching  technique.  The  relatively  flat  pressure  distribution,  i.e.,  the  Blasius-like  boundary  layer 
upstream  of  the  concave  region  and  the  continuous  concave/convex  curvature  provides  for  ideal  comparison  with  present 
theory.  While  no  significant  variation  in  vortex  wavelength  with  changes  in  freestream  parameters  was  observed  by  other 
experimenters,  Mangalam  and  Dagenhart  [13-16]  clearly  observed  vortex  wavelength  variation  that  was  fairly  well  predicted 
by  classical  linear  theory  (9|.  Computations  were  carried  out  to  see  if  the  marching  technique  predicted  a  unique  most 
amplified  Gortler  vortex  wavelength.  The  governing  partial  differential  equations  were  integrated  starting  in  the  concave 
region  with  initial  conditions  from  normal-mode  analyses.  For  a  given  chord  Reynolds  number,  Rec ,  varying  the  dimensional 
Gortler  vortex  wavelength  in  the  computations  was  seen  to  have  a  direct  effect  on  the  ratio  of  maximum  amplitude  to  initial 
amplitude  of  the  perturbation  velocity  components.  Figure  13  shows  the  variation  of  the  ratio  of  the  maximum  amplitude 
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to  the  initial  amplitude  of  the  streamwise  perturbation  velocity  compoi.'  ut  with  dimensional  vortex  wavelength  for  Rec  of 
1.0,  2.1,  3.1,  and  3.67  million.  It  can  be  seen  that  for  a  given  Rec  a  unique  most  amplified  Gortler  vortex  wavelength  is 
predicted;  this  wavelength  is  dependent  on  the  chord  Reynolds  number  and  decreases  with  increase  in  Rec.  Present  theory 
unambiguously  predicts  a  unique  most  amplified  Gortler  vortex  wavelength  which  clearly  varies  with  freestream  conditions. 
If  the  maximum  amplification  were  expressed  in  terms  of  n-factors  (logarithm  of  the  amplification  ratios),  the  distinction 
would  be  les«  apparent  than  in  the  above  figures.  Figure  14  shows  the  experimentally  observed  wavelengths  and  theoretically 
most  amplified  Gortler  vortex  wavelengths  plotted  as  functions  of  the  maximum  Gortler  number.  Experimentally  observed 
and  theoretically  most  amplified  Gortler  vortex  wavelengths  are  in  excellent  agreement. 

We  now  compare  solutions  from  the  marching  technique  with  experimental  observations  for  Rec  of  2.1  million.  At  this 
Reynolds  number  the  dimensional  wavelength  of  the  vortices  is  0.3  cm.  The  experimental  streamwise  velocity  perturbations 
for  15.0,  25.0,  and  27.5%  chord  locations  are  shown  in  figure  15  as  the  variation  of  Urms/Ue  versus  rj.  Perturbation  velocity 
profiles  at  other  chord  locations  and  Reynolds  numbers  are  available  in  references  14  and  15.  The  streamwise  perturbations 
were  seen  to  amplify  throughout  the  concave  zone  which  extended  from  x/c  =  0.175  to  x/c  =  0.275  (figure  16).  An 
interesting  point  to  note  is  the  presence  of  Gortler  vortices  upstream  of  the  concave  segment  at  15%  chord.  Some  data 
from  locations  in  the  convex  region  starting  from  x/c  =  0.275  exhibit  double  peaked  profiles  which  could  not  be  compared 
through  classical  NMA. 

Let  us  now  follow  the  development  of  Gortler  vortices  along  the  concave  and  convex  regions  of  the  airfoil.  The  governing 
partial  differential  equations  which  are  parabolic  allow  for  the  solution  to  proceed  through  the  concave  and  into  the  convex 
region  with  ease.  For  the  first  time,  the  nature  and  sequence  of  events  occurring  in  the  convex  region  of  an  airfoil  is 
computationally  examined  by  the  present  technique.  Typical  velocity  profiles  and  the  corresponding  vector  plots  are  shown 
in  figures  17-22.  The  perturbation  velocity  profiles  and  the  corresponding  vector  plots  clearly  show  the  well  known  features 
of  Gortler  vortices  in  the  concave  region.  We  observe  in  figure  17(b)  that  a  local  streamwise  velocity  deficit  is  produced  by 
the  upwelling  flow  at  the  center  of  the  plot  frame.  At  each  end  of  the  frame  the  action  of  the  V -component  is  to  produce  a 
local  surplus  in  the  streamwise  velocity.  The  streamwise  surplus  produces  a  local  increase  in  surface  shear  while  the  deficit 
causes  a  local  decrease  in  the  surface  shear.  It  is  this  spanwise  sinusoidal  variation  of  surface  shear  stress  which  produces 
the  alternating  black  and  white  streaks  in  the  flow  visualization  photographs  (figures  10(a)-(b)). 

Figures  18-22  show  the  perturbation  velocities  and  the  velocity  vector  plots  in  the  77  —  z  plane.  The  F-perturbation 
velocity  is  particularly  sensitive  to  changes  in  curvature.  The  effect  of  a  decrease  in  the  concave  curvature  has  been  to 
decrease  the  relative  amplitudes  of  V  and  W ,  while  U  continues  to  amplify  (figure  23).  The  V  and  W  components  not  only 
continue  to  decrease  in  amplitude  but  also  change  sign  in  the  convex  zone.  By  x/c  =  0.29  the  V- perturbation  velocity  is  in 
phase  with  the  (7-perturbation  velocity  whereas  in  the  concave  zone  they  were  out  of  phase  by  ir  radians.  Proceeding  further 
downstream,  the  shape  of  the  (/-perturbation  profiles  change  and  by  x/c  =  0.31  the  U-  and  V-perturbation  velocities  are 
once  again  out  of  phase  by  7r  radians.  The  corresponding  velocity  vector  plots  in  the  convex  region  reveal  a  very  interesting 
picture.  As  one  proceeds  from  the  concave  to  convex  region,  the  original  vortex  pairs  lift  off  the  surface  and  dissipate 
over  a  very  short  distance,  while  a  new  layer  of  counter-rotating  pairs  of  vortices  begins  to  form  near  the  surface.  In  this 
region  the  streamwise  velocity  profiles  are  double  peaked  and  similar  to  the  experimentally  observed  disturbance  profiles. 
A  comparison  of  the  experimentally  observed  spanwise  distribution  of  the  streamwise  velocity  at  various  p-locations  in  the 
concave  and  convex  regions  shown  in  figures  24(a)-(b)  further  confirms  their  presence.  While  the  streamwise  velocity  at 
different  y-locations  are  in  phase  along  the  span  in  the  concave  region,  a  clear  phase  shift  is  evident  in  the  streamwise  velocity 
variation  in  the  convex  zone  indicating  the  presence  of  double  peaked  streamwise  disturbance  profiles.  Another  consequence 
of  the  formation  of  this  new  system  of  vortices  is  a  reorganization  of  the  spanwise  surface  shear  stress  distribution.  As 
one  proceeds  from  the  concave  to  the  convex  zone,  regions  of  maximum  surface  shear  become  regions  of  minimum  surface 
shear  and  vice-versa,  i.e.,  the  spanwise  periodicity  of  shear  stress  distribution  is  shifted  by  a  half  wavelength.  The  region 
between  the  shifts  is  highlighted  by  a  decrease  in  the  amplitude  of  U-  as  well  changes  in  its  shape  and  sign.  This  results  in 
a  decrease  in  spanwise  variations  of  surface  shear  stress  in  this  region.  Flow  visualization  photographs  and  a  sketch  (based 
on  experimental  run  logs  maintained  by  Mangalam  and  Dagenhart)  of  the  sublimating  chemical  pattern  in  the  test  region 
shown  in  figures  25(a)-(b)  clearly  confirm  the  occurrence  of  this  phenomenon.  Clear  shifts  in  the  pattern  of  dark  and  white 
bands  can  be  seen  at  x/c  as  0.29.  This  phenomenon  was  reported  in  an  earlier  paper  [15]  as  ’’apparent  vortex  mergers.”  In 
the  region  separating  the  concave  and  convex  zones,  a  spanwise  fairly  uniform  surface  shear  is  indicated  by  the  presence  of 
a  narrow  patch  of  the  white  sublimating  chemicals.  This  is  the  region  where  the  original  pairs  of  Gortler  vortices  from  the 
concave  region  are  lifted  off  and  a  new  set  of  counter-rotating  vortices  begin  to  form  near  the  surface.  Further  downstream, 
the  streak  pattern  is  reestablished  with  a  half  wavelength  shift  from  the  pattern  in  the  concave  region.  The  locations  of  the 
experimentally  observed  spanwise  half  wavelength  shifts  in  surface  shear  stress  distribution  agreed  well  with  the  theoretical 
predictions  based  on  the  technique  developed  by  the  authors. 

CONCLUSIONS 

1.  A  powerful  technique  using  normal-modes  as  initial  conditions  has  been  developed  for  design  problems  involving  Gortler 
instability. 

2.  Computed  most  amplified  Gortler  vortex  wavelengths  are  in  excellent  agreement  with  experimentally  observed  wave¬ 
lengths  over  a  wide  range  of  chord  Reynolds  numbers. 

3.  Some  hitherto  unknown  behavior  of  Gortler  vortices  in  the  convex  region  (vortex  lift-off  phenomenon,  double  peaked 
streamwise  perturbation  velocity  profiles,  half  wavelength  shift  in  spanwise  shear,  and  phase  shift  in  spanwise  distribution 
of  streamwise  velocity)  was  discovered  from  the  marching  solutions  and  confirmed  by  experimental  observations. 
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APPENDIX 


Theoretical  Formulation 

Consider  the  stability  of  a  viscous  incompressible  flow  along  a  concave  wall  with  radius  of  curvature  K.  An  orthogonal 
curvilinear  coordinate  system  (2,  y,  z)  is  employed  with  idefined  along  the  surface  in  the  streamwise  direction,  y  normal  to 
the  surface,  and  z  perpendicular  to  the  x  —  y  plane.  The  flow  is  assumed  to  consist  of  a  two-dimensional  basic  flow  with 
small  three-dimensional  perturbations  superimposed.  The  velocity  components  are  given  by: 

{/(x, y, 2)  =  U°(x,y)  +  Ul{x,y,z)  +  0(e)  (1) 

V(i,y,2)  =  e[v°(2,y)  +  V1(x,y,2)]  +0(e2)  (2) 

W(x,y,z)  =  eWl(x,y,z)  +  0(e2)  (3) 

and  the  static  pressure 

P(x,  y,  2)  =  P°(z,  y)  +  t2Pl (2,  y,  z)  +  0(e3)  (4) 

where  U°,V°,W°,  and  P°,  are  the  basic  flow  velocity  components  and  the  static  pressure  respectively,  while 
and  P1  a  reperturbation  quantities.  The  perturbation  equations  (l)-(4)  are  then  introduced  into  the  normalized  Navier 
Stokes  equations,  the  basic  flow  quantities  are  extracted.  The  perturbation  equations  linearized  by  neglecting  products  of 
the  perturbation  quantities  are 


Ul  +  vyl  +  Wl  =  0  (5) 

U°Ulz  +  U°ZU 1  +  V°Uy  +  U°V 1  =  Ulyy  +  Ul  (6) 

U°VZ  +  V?Ul  +  v\l  +  V°Vl  +  GvU°Ul  =  -Py1  +  Vjy  +  vz\  (7) 

U0W}  +  V0  Wy1  =  -  Pi  +  Wy‘y  +  Wl  (8) 


with  boundary  conditions 

Ui  —  V1  =  W1  =0  at  y  =  0,  00 

Marching  Technique 

Following  Hall  [12],  the  perturbations  are  assumed  to  take  the  form 


Ul(x,y,z)  =  U(x.y)  cos(a„2)  (9) 

V^x.y.z)  =  V(z,y)  cos(a„z)  (10) 

Wl(x,y,z)  =  W(x,y)s\n(avz)  (11) 

Px(x,,y,z)  =  P(x,y)  cos(a„ 2)  (12) 


Substituting  the  above  equations  into  the  linearized  pertuibation  governing  equations  (5)-(8),  the  following  partial 
differential  equations  are  obtained. 
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Ux  +  Vy  +  avW  =  0  (13) 

U°UX  +  U°U  4-  V°Uy  +  U°V  -  Uyy  +  ofy  =  0  (14) 

U°VX  +  V°U  +  V°Vy  +  V°V  +  GVU°U  +  Py-  Vyy  +  a2V  =  0  (15) 

U°WX  -I-  V°Wy  -  avP  -  Wyy  +  a2vW  =  0  (16) 

The  boundary  conditions  are 

U  =  V  =  W  =  0  at  y  =  0,oo  (17) 


Initial  conditions  which  correspond  to  some  vortex  perturbation  imposed  on  the  flow  are  necessary  to  specify  the  problem 
completely  since  the  above  equations  are  parabolic  in  the  streamwise  direction. 

The  only  assumptions  in  the  above  equations  are:  a)the  invariance  of  the  dimensional  wavelength  in  the  streamwise 
direction,  and  b)  the  phase  relationships  between  the  perturbation  velocity  components.  Both  these  assumptions  have  been 
well  established  experimentally  [13-16],  The  above  equations  are  valid  for  flows  with  pressure  gradients,  blowing  or  suction, 
and  variable  curvature.  No  assumptions  as  to  the  nature  of  the  streamwise  variation  of  the  basic  flow  or  the  perturbation 
functions  has  been  made. 

The  following  new  variables  are  introduced 

£  =  z,  ri  =  y/s/x 

Eliminating  P  and  W  from  equations  (13)- (16)  and  expressing  the  resulting  equations  in  terms  of  the  new  variables,  we 
obtain 

Ur,n  +  CiUf:  +  C2U  +  C3Ur,  4-  C4V'  =  0  (18) 

+  CsVfjrff)  4-  C§V  £T)rj  4- 
C%Vri  4-  CgVjC  C\qV  +  CnUm  + 

CllUfy  +  CiyUr)  +  C\\U^  +  C\$U  =  0  (19) 

where 

C2  =  S[U°  +  a2} 

C3  =  (7°q/2  -  V(V° 

C4  =  -£Cf° 

C5  =  C3 

Cs  =  Cl 

C7  =  U°  -  2£a2  4-  £E/° 

Q  =  -Z3'2[-a2V°  -  U%  4-  r,(U°y  +  q2U°)/(2 y'?)] 

C9  =  S2[U°y  +  a2  U° 

C10  =  Z2l0lyy+<*t  +  a2V°] 

Cu  =  2  e3/2!/? 

C1.3  =  n2u% 

Cu  =  2  eu°zy 

Cu  =  fV(V»  +  Gv  U°  4-  U°zxy) 

The  corresponding  boundary  conditions  are 

U  =  V  =  Vv  =  0  at  77  =  0,00  (20) 

and  the  initial  conditions 

U  =  0(n)  V  =  V{V)  at  £  =  f  (21) 


An  implicit,  second  order  accurate  finite  difference  scheme  was  used  to  integrate  the  partial  differential  equations.  The 
basic  flow  assumed  for  the  present  calculations  is  the  Blasius  boundary  layer. 
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Figure  1.  Neutral  curves  corresponding  to  different  locations  of  the  initial  conditions 
Ufa)  =  r?6exp(-r;2),  V(r) )  =0  (from  ref.  12). 
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Figure  4.  Comparison  of  amplification  rates  from  present 
technique  and  normal-mode  analyses,  G0  =  2.0, 


A  =  210. 


Figure  7.  Gortler  model  in  the  LTPT 


Figure  5.  Neutral  curves  obtained  from  normal-mode  anal¬ 
yses  with  different  basic  flow  assumptions. 


Figure  8.  Curvature  distribution  of  airfoil 


upper  surface 
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Figure  9.  Airfoil  pressure  distribution 


Figure  6.  Variation  of  n-factors  with  A  for  normal  mode 
analyses  with  different  basic  flow  assumptions. 
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Figure  10.  Flow  visualization  using  sublimating  chemicals. 
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Figure  12a.  Spanwise  distribution  of  streamwise  disturbance 
velocity,  Rtc  =  2.1  million. 
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Figure  11.  Spanwise  variation  of  streamwise  velocity  at 
z/e  =  0.25,  Ric  ~  2.1  million. 
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Figure  12b.  Power  spectral  density,  Rec  =  2.1  million. 
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Figure  13.  Variation  of  maximum  streamwise  perturbation 
velocity  with  dimensional  wavelength. 


Figure  14.  Variation  of  dimensional  wavelength  with  Gortler 
number,  comparison  with  theory. 


Figure  15.  Streamwise  perturbation  velocities,  Rec  =  2.1  million. 
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Figure  16.  Variation  of  maximum  disturbance  amplitude  in  the  test  region. 
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Figure  23.  Variation  of  perturbation  amplitudes  in  the  streamwise  direction. 
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a.  Concave  region,  x/c  =  0.25 


b.  Convex  region,  x/c  =  0.3375 


Figure  24.  Spanwise  variation  of  streamwise  velocity  component  in  the  concave  and  convex 
regions,  Rec  =  2.1  million. 
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Figure  25.  Flow  visualization  photograph  and  sketch  of  sublimating  chemical  pattern  in  the 
concave/convex  region,  Rtc  =  2.1  million. 


9-1 

THREE-DIMENSIONAL  BOUNDARY  LAYER 
TRANSITION  ON  A  CONCAVE  SURFACE 

G.  Leoutsakos 

Hellenic  Air  Force  Technical  Research  Centre  —  KETA 
Terpsithea,  16501  Glyfada,  Athens,  Greece 

R.I.  Crane 

Department  of  Mechanical  Engineering 
Imperial  College  of  Science,  Technology  &  Medicine, 

Exhibition  Road,  London,  SW7  2BX,  UK 


SUMMARY 

Measurements  of  streamwise  mean  and  r.m.s.  velocity,  intermittency  factor  and  energy  spectra  are  reported  for  a  laminar 
boundary  layer  undergoing  transition  on  a  concave  wall  in  the  presence  of  a  naturally  — occurring  Gortler  vortex  system, 
concentrating  on  a  particular  vortex  pair.  The  ratio  of  boundary  layer  thickness  to  wall  radius  at  the  start  of  curvature  was 
0  01.  Non-linear  amplification  of  the  vortices,  followed  by  spanwise  meandering  and  a  secondary  instability,  preceeded 
transition,  which  was  defined  in  terms  of  the  intermittency  factor  after  filtering  out  low  frequencies  associated  with  this  vortex 
behaviour.  Transition  was  initiated  in  the  vortex  upwash  region  and  apparently  completed  within  a  streamwise  distance  of  only  a 
few  boundary  — layer  thicknesses  at  both  upwash  and  downwash  locations,  implying  rapid  lateral  spreading  of  turbulence.  With 
considerable  velocity  profile  distortion  prior  to  transition,  values  of  momentum  thickness  Reynolds  number  and  Gortler  number  at 
start  of  transition,  either  upwash  — localized  or  upwash  — downwash  averaged,  did  not  correspond  well  with  established  correlations 
for  flat  surfaces  or  with  earlier  concave -wall  studies. 


INTRODUCTION 

The  operational  characteristics  and  the  efficiency  of  turbomachines  are  strongly  influenced  by  the  behaviour  of  the  boundary 
layers  developing  on  the  blading  surfaces.  In  the  case  of  gas  turbines,  operating  at  turbine  inlet  gas  temperatures  substantially 
above  the  structural  limits  of  the  high  -  temperature  alloys  used  for  the  components,  blade  boundary  layer  flow  and  convective 
heat  transfer  predictions  are  of  great  importance  at  the  design  stage,  principally  in  order  to  minimize  the  requirements  for  blade 
cooling  air  but  also  to  optimize  blade  aerodynamic  efficiency.  A  particular  area  of  interest  is  the  blade  pressure  surface  where 
considerable  uncertainty  can  exist  over  the  boundary  layer  state  at  a  particular  streamwise  location.  This  is  expected  in  a 
boundary  layer  containing  laminar,  transitional  and  turbulent  regions,  subjected  to  the  destabilising  effects  of  concave  curvature 
and  turbulent  energy  entrainment  from  the  free— stream  and  the  stabilising  influence  of  a  favourable  pressure  gradient,  with  the 
possibility  of  a  three-dimensional  Gortler  vortex  structure. 

Pressure  surface  boundary  layers  which  possess  three-dimensional  characteristics  are  unlikely  to  be  predicted  accurately  by 
the  two-dimensional  codes  in  current  use.  The  deficiencies  mainly  exist  in  the  modelling  of  laminar/turbulent  transition,  which 
is  done  explicitly  in  the  earlier  (and  still  commonly  used)  codes  by  empirical  correlations,  e.g.  [1],  to  fix  the  start  ana  length  of 
transition.  The  more  recent  and  generally  more  successful  two-dimensional  prediction  codes  employ  low— Reynolds- number 
higher— order  turbulence  modelling,  e  g.  [2],  to  compute  automatically  through  transition.  Poor  agreement  has  often  been  found 
between  predictions  and  experimental  data  for  blade  pressure  surfaces,  as  demonstrated  for  instance  by  Daniels  and  Browne  [1] 
who  compared  cascade  measurements  with  numerical  predictions  from  five  different  models.  Further  work  is  needed  to  attain  a 
higher  level  of  understanding  of  the  process  and  characteristics  of  transition  on  concave  surfaces  and  hence  'tune'  the  prediction 
models  in  order  to  obtain  higher  reliability  and  accuracy. 

Transition  may  sometimes  be  initiated  via  a  separation  bubble  near  the  leading  edge;  most  prediction  methods  would  be 
unable  to  compute  through  laminar  separation  with  turbulent  realtachment.  Furthermore,  blade  rotation,  compressibility, 
vibration,  surface  roughness  variation,  etc.  make  the  behaviour  of  the  boundary  layer  even  harder  to  predict.  However,  it  is 
widely  believed  that  Gortler  vortices  are  involved  to  some  extent  in  natural  transition  on  concave  surfaces,  and  that  their 
development  and  breakdown  should  be  the  subject  of  further  research.  Such  flow  structures  have  been  observed  [3]  on  blade 
pressure  surfaces  in  cascade  experiments.  Conditions  in  gas  turbine  engines  are  appropriate  for  their  occurrence,  and  they  may 
play  a  major  role  in  the  transition  process  as  well  as  possibly  increasing  laminar  heat  transfer  rates. 

The  aim  of  the  present  work  is  to  provide  experimental  information  on  the  fundamental  processes  involved  in  the 

breakdown  of  adiabatic  laminar  flow  on  a  concave  wall  and  to  identify  the  characteristics  of  transition  through  successive  stages 
of  vortex  non-linear  development  and  unsteadiness.  It  is  hoped  that  the  results,  together  with  those  of  similar  work  elsewhere, 
e  g.  [4],  will  enable  existing  codes  of  the  2  — D  parabolic  finite— difference  type  (with  low-order  turbulence  models)  to  use 

improved  spanwise -averaged  transition  criteria  and  hence  provide  a  short-term  means  to  more  reliable  blade  heat-transfer 
predictions.  Such  prediction  codes,  e  g.  GENMIX  [5],  still  stand  as  good  a  chance  of  producing  usable  predictions,  e.g.  (6],  as 

higher-order  and  more  elaborate  codes,  e.g.  [7],  having  the  advantage  of  being  fast  and  cheap  to  run. 

This  paper  describes  adiabatic  flow  experiments  on  a  constant -curvature  wall  at  momentum  thickness  Reynolds  numbers  and 
Gortler  numbers  not  too  different  from  those  expected  under  gas  turbine  working  environments.  It  complements  the 
measurements  of  (8]  and  includes  flow  visualization,  streamwise  and  spanwise  variations  of  mean  and  r.m.s.  streamwise  velocity, 
measurements  of  the  intermittency  factor,  and  energy  spectra  before  and  during  transition.  The  tests  were  carried  out  mainly 
within  a  particular  Gortler  vortex  pair. 


EMPIRICAL  PREDICTION  OF  TRANSITION 

A  great  deal  of  theoretical  and  experimental  work  has  been  done  on  the  instability  of  laminar  boundary  layers  and  in 
determining  criteria  for  modelling  transition,  which  is  characterised  by  the  intermittent  appearance  of  turbulent  spots  moving 
downstream  with  the  fluid,  with  laminar  flow  in  their  trail.  Turbomachinery  blading  predictions  have  frequently  ignored  the 
transition  region  and  considered  a  step  change  from  laminar  to  turbulent  flow,  an  assumption  which  produced  inaccurate 
assessments  of  boundary  layer  behaviour  owing  to  the  relatively  large  extent  of  the  transition  region.  Empirical  transition 
modelling  consists  of  identifying  the  start  and  end  (or  length)  of  transition  and  also  the  variation  of  flow  properties  within  that 
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interval,  commonly  determined  by  the  variation  of  the  intermittency  factor  y  defined  for  any  point  in  the  flow  as  the  fraction  of 
total  time  that  the  flow  is  turbulent.  Several  correlations  exist  for  the  start  of  transition  on  a  flat  surface.  Most  of  them  are 
in  terms  of  the  momentum  thickness  Reynolds  number  Reg$  at  transition  start,  as  for  instance  that  by  Abu  — Ghannam  and  Shaw 

19]: 


Rees 


163  +  exp[F(X<,) 


6  91 


Tu\ 


(1) 


where  F(kg)  is  a  function  of  the  pressure  gradient  parameter  kg  =  (B2h’)(due/  dx)  and  Tu  is  the  free  stream  turbulence  level 
(expressed  as  a  percentage),  ($  is  the  momentum  thickness,  r  the  kinematic  viscosity,  ue  the  boundary  -  layer  edge  velocity  and 
x  the  streamwise  co-ordinate.)  Similar  formulae  for  the  transition  onset  point  are  given  in  [10  —  12]  etc.  and  are  in  broad 
agreement  for  flat  plate  transition  for  zero  and  adverse  pressure  gradients,  whereas  for  favourable  pressure  gradients  some,  e  g. 
[9],  predict  a  more  rapid  increase  of  Reg$  with  increasing  kg  and  Tu  than  others.  Similar  work  has  also  been  published  for 
estimating  the  transition  length  (or  end  point),  as  for  instance  in  [9]: 

ReeE  -  590  +  183-5  (ReL  x  10*5  -  1  5) (1  -  l-4kg)  (2) 

where  ReE  is  the  Reynolds  number  based  on  transition  length  L,  or  by  Dhawan  &  Narasimha  [13]  who  produced  a  similar 

relation  linking  Re gg  to  Re The  latter  authors  also  gave  a  popular  description  of  the  variational  form  of  intermittency 

within  the  transition  region,  namely: 

y  -  1  -  exp( -Ai  2 )  (3) 

where  A  is  a  constant  and  £  a  normalised  streamwise  co-ordinate  in  the  transition  zone.  Other  types  of  functional  distributions 

for  y  (mainly  exponential)  can  be  found  in  [14],  [15],  etc.  Introducing  curvature  adds  the  complication  of  a  centrifugal  force 

acting  on  the  flow.  Comparatively  little  is  known  about  the  effects  of  curvature  on  transition  although  a  number  of 
investigations  have  been  made  on  the  topic  from  as  early  as  1943  by  Liepmann  [16]  until  the  present  time,  e.g.  [4],  [17],  The 
earlier  data  was  combined  with  other  factors  affecting  transition  in  the  model  of  Forest  [6]  which  included  the  Gortler  number 

Gg  in  the  modelling  equations  and  took  into  account  the  effects  of  curvature,  pressure  gradient,  and  free— stream  turbulence 

through  semi -empirical  equations  including  the  modification  of  the  turbulent  mixing  length  Qc.  He  considered  transition  to  be 
the  outcome  of  the  combination  of  two  different  types  of  instability,  the  Tollmien— Schlichting  type  and  the  Gortler  type.  The 
resulting  correlations,  used  by  a  number  of  gas  turbine  manufacturers,  appear  to  produce  mainly  acceptable  predictions  on  blade 
suction  surfaces  but  not  on  pressure  surfaces,  seemingly  the  weak  point  of  all  prediction  methods.  Broad  agreement  exists  in 
the  treatment  of  the  mixing  length  under  the  effects  of  curvature,  e.g.  [18],  [19],  Work  has  also  been  reported  on  the 

curvature  effects  on  the  thermal  diffusivity  [20],  Transition  suppression  or  flow  relaminarization  should  also  be  considered  for 
accelerating  flows  such  as  on  the  surtaces  of  prescribed -velocity -distribution  blades.  The  Jones  &  Launder  [21]  relaminarization 
criterion,  i.e.  K  (velocity  graJient  parameter  =  t-/u£  du/dx)  greater  than  2  5  x  10  s,  is  in  common  use,  while  Brown  and 

Martin  [22]  suggested  that  the  same  criterion  be  applied  to  design  for  the  prevention  of  transition. 

Assessment  of  the  flow  properties  of  a  transition  region  by  methods  such  as  those  in  [6]  and  [23]  requires  knowledge  of  the 
state  and  characteristics  of  the  laminar  and  turbulent  counterparts  that  comprise  it.  Once  they  are  known  they  can  be  linked 
together  by  weighting  them  through  an  equation  of  the  form: 

Deff  ~  DC  +  T  Dt  (4) 

where  y  varies  from  0  to  1,  gradually  switching  on  the  turbulent  diffusivity  Dt  and  adding  it  to  the  laminar  diffusivity  Dq. 

To  improve  confidence  in  finite  difference  codes  incorporating  such  transition  region  predictions  (pending  the  further 
development  and  acceptance  of  higher— order  models  which  compute  automatically  the  transition  region  development),  more 
experimental  evidence  is  needed  to  support  the  models  and  establish  reliable  values  for  important  thresholds  necessary  for  the 
codes  to  run.  This  is  especially  true  in  the  case  of  curved  surfaces. 

EXPERIMENTAL  ARRANGEMENT 
Flow  rig 

The  flow  rig  used  was  of  the  closed  circuit  type,  shown  schematically  in  Fig.  1.  Water  was  chosen  as  the  working  fluid  to 
simplify  flow  visualization  and  laser  Doppler  velocity  measurement.  The  flow  was  gravity— driven,  with  a  constant— speed  radial 
pump  serving  to  transfer  water  from  the  reservoir  tank  to  the  header  tank.  13  m  of  piping  (dashed  outline  on  Fig.  1)  was 
inserted  upstream  of  the  header  tank  to  damp  out  any  vibrations  or  pressure  waves  coming  from  the  pump  that  could  affect  the 
hot  film  anemometer  readings  by  introducing  unwanted  frequencies.  A  5  kW  heater  was  incorporated  in  the  system  to  help 
maintain  a  constant  water  temperature.  The  flow  was  monitored  using  a  cone -and -float  flowmeter.  The  settling  chamber,  fed 
from  the  header  tank,  contained  a  bank  of  glass  balls  (24  mm  dia.),  perforated  plates  and  four  brass  woven  screens  of  1  mm 
mesh  size.  Fig.  2  illustrates  the  90°  constant— cross-section  bend,  with  outer  wall  radius  R  =  500  mm;  it  was  preceded  by  a 
9:1  area-ratio  concave-convex  — wall  contraction  and  followed  by  a  1  m  length  of  straight  duct.  The  aspect  ratio  was  6:1. 
This  arrangement  provided  a  suitable  Gortler  vortex  configuration,  repeatable  from  run  to  run. 

Instrumentation 

A  laser-Doppler  anemometer  (LDA)  was  used  for  mean  and  r.m.s.  velocity  measurements  and  a  constant -temperature 
hot  — film  anemometer  (CTA)  for  detection  of  the  start  and  end  of  transition  and  evaluation  of  the  intermittency  factor  y.  The 
CTA  was  preferred  to  the  LDA  for  intermittency  factor  because  of  the  large  signal  dropout  from  the  LDA,  compared  to  the 
CTA’s  continuous  signal.  Only  the  streamwise  component  of  velocity  was  measured,  mean  and  r.m.s.  values  being  denoted  by  u 
and  u  respectively.  The  LDA  system  was  operated  in  the  forward -scatter  fringe  mode  using  a  5  mW  He-Ne  laser.  Signals 
were  processed  by  using  a  Cambridge  Consultants  CC08  frequency  — tracking  demodulator.  The  maximum  uncertainties  in  iZ  and 
«  were  estimated  as  t3%  and  1 4%  respectively.  The  CTA  probe  was  a  Dantec  55RI5  boundary  layer  fibre  film  probe, 
powered  by  a  Dantec  56C  CTA  system.  Its  active  length  was  1  - 25  mm,  the  operating  temperature  120°C  and  the  overheat 
ratio  13.  The  quartz-coated  waterproof  probe  was  mounted  on  a  traversing  mechanism  providing  one  translational  movement 
in  the  spanwise  (vertical)  direction  z  and  rotation  about  a  z-axis  offset  in  the  streamwise  (x)  direction  from  the  probe  head, 
allowing  measurements  to  be  taken  along  an  arc  approximating  to  the  y  direction  (normal  to  the  curved  walls).  The  probe  was 
inserted  into  the  test  section  through  one  of  a  set  of  holes  on  the  top  end  — wall  of  the  channel  (shown  in  Fig.  2),  depending 
on  the  streamwise  location  where  measurements  were  to  be  taken.  The  correct  positioning  of  the  probe  was  occasionally 
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checked  by  focusing  the  laser  beam  intersection,  whose  precise  location  was  known,  on  the  sensor  element  of  the  film  probe.  A 

more  detailed  description  of  the  LDA  and  CTA  systems  is  given  in  f 8J  and  [14], 

The  data  acquisition  system  for  both  the  LDA  and  CTA  consisted  of  a  Tecmar  AD211  12-bit  analogue -to -digital 

converter  and  Apple  lie  microcomputers  (one  for  each  system).  The  stored  data,  sampled  at  4  kHz,  was  processed  using 
purpose  —  written  assembly  language  programs.  For  the  CTA  system  the  input  to  the  A/D  converter  was  conditioned  through  a 
dual  (high  and  low  pass)  filter  and  a  precision  gain —  and —  offset  amplifier.  The  software  processed  eight  batches  of  17000 
samples  each,  giving  the  mean  and  r.m.s.  velocities  and  intermittency  factor  values  in  less  than  one  minute.  Filter  settings, 
critical  to  the  results,  were  selected  after  an  extensive  investigation  of  the  flow  frequencies  using  a  spectrum  analyser.  This 
involved  consideration  of:  (a)  the  value  of  U/6  (U  =  core  flow  velocity,  5  =  ooundary  layer  thickness)  indicating  the  frequency 
of  the  'argest  eddies;  (b)  the  values  of  preferred  frequencies  in  the  flow  during  the  later,  unsteady  stages  of  Gortler  vortex 
development;  (c)  values  of  unwanted  frequencies  which  had  to  be  excluded,  such  as  the  pump  impeller  blade  passing  frequency; 

(d)  electronic  noise  of  the  order  of  kHz.  High  pass  filter  settings  varied  from  3t  Hz  to  8  Hz  as  the  probe  location  moved 

downstream  and  6  increased.  Low  pass  filtering  was  set  to  60  Hz  for  locations  prior  to  the  middle  of  the  bend  (y>  =  45“; 
angle  <p  defined  in  Fig.  2)  and  then  increased  (through  100  Hz  at  y>  =  60“)  until  the  bend  exit.  Extensive  testing  of  the 
software  for  intermittency  evaluation  (using  electronically  simulated  turbulence  signals  and  a  flat-plate  boundary  layer  flow) 

indicated  that  any  measured  value  of  y  exceeding  90%  should  be  taken  to  tepresent  fully  — turbulent  flow.  On-line  plotting  was 
provided  using  an  Acorn  BBC-B  microcomputer  coupled  serially  to  the  Apple  (because  of  its  superior  graphics  facilities), 

building  up  mean  and  r.m.s.  velocity  profiles  as  the  experiments  were  being  carried  out.  Energy  spectra  of  the  flow  fluctuations 
were  obtained  throueh  the  CTA  system  C  feeding  the  unprocessed  hot-film  probe  output  to  a  spectrum  analyser  (Spectra 

Dynamics).  More  details  of  the  instrumentation  have  been  given  in  (8)  and  [14],  Flow  visualization  was  carried  out  using  the 

hydrogen  bubble  technique,  proving  invaluable  in  identifying  the  location  and  shape  of  vortex  pairs  and  indicating  the  most 

appropriate  streamwise  and  spanwise  position  for  LDA  and  film  probe  traversing.  By  switching  the  current  through  the  cathode 

wire  (25  ^m  dia)  successive  rows  of  bubbles  ("time  lines")  were  generated  to  give  an  indication  of  the  spanwise  distributions  of 

mean  velocity,  while  continuous  sheets  of  bubbles  were  more  useful  in  revealing  vortex  growth  and  breakdown. 

Experimental  procedure  and  flow  conditions 

The  flow  rate  was  set  at  190  C/min,  corresponding  to  Rea  (based  on  channel  width  a  —  50  mm)  of  10500;  this  gave  an 
initially  laminar  boundary  layer  which  became  fully  turbulent  (in  the  sense  of  near-unity  intermittency  factor  at  all  spanwise 
locations  within  the  chosen  vortex  pair)  and  also  ceased  to  exhibit  spanwise  variation  of  mean  velocity  before  the  bend  exit. 
Measurements  were  obtained  at  two  spanwise  (z)  positions,  aproximately  185  and  192  mm  from  the  channel  bottom, 
corresponding  to  the  regions  of  upwash,  where  low  momentum  fluid  is  swept  away  from  the  wall,  and  downwash,  where 
core -flow  fluid  moves  towards  the  wall.  The  spanwise  positions  of  these  two  regions  varied  slightly  (1—2  mm)  between 
streamwise  stations.  The  LDA  and  CTA  measurements  were  made  at  11  streamwise  stations,  at  distance  intervals  selected  to 
ensure  an  adequate  number  of  measurements  within  the  transition  region.  Streamwise  pressure  gradient  was  small  and  slightly 
favourable  (A'  <  0  12  x  10-6);  the  streamwise  variation  of  potential  wall  velocity  UpW  is  plotted  in  Fig.  3.  The  turbulence 
intensity  in  the  pseudo -potential  core  flow  was  in  the  range  2  -  3%.  Traverses  in  the  y-direction  were  made  in  2  mm  steps 
within  the  boundary  layer  and  in  4  mm  steps  outside.  Although  the  LDA  and  CTA  traverses  were  carried  out  separately, 
frequency  analysis  and  intermittency  measurements  were  taken  simultaneously,  recording  spectral  plots  at  every  location  where  y 
was  evaluated. 


RESULTS 

The  particular  vortex  pair  chosen  for  the  measurements  exhibited  the  full  range  of  phenomena  associated  with  Gortler 

vortex  development,  e  g.  [24],  within  the  90’  of  the  bend.  From  the  mean  velocity  profiles  in  Fig.  4a,  diferences  between  the 
regions  of  upwash  and  downwash  become  apparent  at  y>  =  17“,  the  vortices  developing  further  with  increasing  streamwise 

distance  and  growing  into  the  core  flow.  Vortex  wavelength  X  and  spanwise  position  remained  virtually  unaltered  through  the 

bend.  Boundary  layer  thickness  6  varied  from  5  mm  ( 6/R  =  0  01)  at  <p  =  7’  to  25  mm  ( 6/R  =  0  05)  at  p  =  83“. 
Except  in  these  early  and  late  stages  of  vortex  development,  large  spanwise  variation  was  observed  in  boundary  layer  parameters 
(6,  displacement  thickness  6*,  0)  between  upwash  and  downwash. 

The  variation  of  intermittency  factor  with  streamwise  distance  (Fig.  5a)  indicates  transition  starting  near  =  32’  and 

finishing  by  y>  =  39’,  implying  a  very  short  transition  length  (typically  4  6  at  upwash).  The  profiles  of  intermittency  (Fig.  5b) 

show  zero  or  very  low  y  values  over  the  whole  of  the  boundary  layer  (in  the  y  —  z  plane),  abruptly  increasing  to  fully 

turbulent  values  (7  >  90%),  again  for  the  whole  of  the  boundary  layer,  within  the  short  transition  interval.  The  intermediate 
stage  at  yi  =  35’  where  7  (spanwise  averaged)  is  approximately  0  5  is  the  only  location  where  two  local  maxima  are  observed 
in  the  7  vs  y  curves,  one  near  the  wall  and  another  in  the  high  — shear  region  away  from  the  wall.  Fluctuating  velocity  (u) 
profiles  (Fig.  4b)  also  show  a  second  local  maximum  attaining  its  highest  value  at  =  39°.  The  two  local  maxima,  which 

may  both  mark  sites  for  breakdown  of  the  flow  and  generation  of  turbulence,  are  slowly  smoothed  out  due  to  diffusion  on 

moving  downstream. 

Streamwise  variation  of  integral  boundary  layer  parameters  is  shown  in  Fig.  6.  Momentum  thickness  Reynolds  number  Reg 
is  approximately  equal  to  120  and  Gortler  number  Gg  is  equal  to  3  at  =  7°,  with  little  difference  between  upwash  and 

downwash.  Before  and  during  transition.  Reg  and  G  g  at  upwash  increased  monotonically  with  streamwise  distance,  reaching  500 
and  30  respectively  at  the  measured  transition  start  position,  then  approaching  650  and  45  respectively  at  transition  end  with  a 
reduced  rate  of  increase.  Values  at  downwash  remained  below  Reg  -  100  and  Gg  =  4.  Following  the  end  of  transition,  the 
upwash  and  upwash —  downwash  averaged  values  of  Reg  and  Gg  decreased,  approaching  their  bend  — entry  values  near  the  bend 
exit,  where  the  intermittency  was  everywhere  near  unity  and  the  spanwise  variation  in  velocity  almost  vanished.  For  *p  >  80’, 
Reg  appears  to  be  very  low  for  sustaining  a  turbulent  boundary  layer,  but  may  be  influenced  by  the  favourable  pressure 

gradient  as  the  end  of  curvature  is  approached.  Upwash  — downwash  averaged  Reg  at  transition  start  was  approximately  260 

(fl/R  =  0  0025)  compared  with  Reg  *=  190  calculated  for  the  same  streamwise  station  on  a  flat  plate  (effective  boundary  layer 
origin  based  on  the  measured  boundary  layer  thickness  at  <p  -  7°).  Flat-plate  transition  would  be  expected  [9]  to  start  at 
Reg  «  200  for  the  present  3%  core  — flow  turbulence  intensity.  Based  on  the  single  vortex  pair  measured,  it  appears  that  the 
effect  of  the  vortex  system  (and  other  influences  of  curvature)  was  to  increase  the  boundary  layer  growth  rate  such  as  to  delay 
transition  in  terms  of  Reg  but  not  in  terms  of  Rex.  This  contrasts  with  earlier  measurements  [8]  on  a  higher— curvature 

surface,  where  upwash -localised  Reg  at  transition  start  was  reasonably  close  to  the  flat-plate  transition -onset  value.  However, 
neither  the  present  data  nor  those  of  [8]  are  directly  comparable  with  the  more  comprehensive  data  of  [17],  for  which  6/R 
values  were  much  smaller  than  those  of  the  present  authors  and  where  velocity  profiles  did  not  suffer  the  same  degree  of 
distortion.  In  the  present  flow,  the  upwash -downwash  averaged  Reg  is  not  representative  of  a  spanwise  average,  since 
downwash  regions  occupy  a  greater  fraction  of  the  span  than  upwash  regions  following  distortion  of  the  vortices. 


Photographs  of  hydrogen  bubbles  showing  sireaklines,  time  lines  and  cross  sectional  patterns  of  the  flow  are  presented  in 
Fig.  7.  The  streaklines  show  that  vortex  pairs  at  different  stages  of  development  coexist  at  the  same  streamwise  location;  time 
lines  and  cross-section  views  also  indicate  that  neighbouring  vortex  pairs  can  possess  widely  differing  strength  and  size. 

After  the  initial  formation  of  the  vortices  in  the  early  part  of  the  bend,  their  development  until  they  reach  a  turbulent 

state  may  be  divided  into  four  stages.  During  the  first  stage,  here  called  linear  because  of  the  correspondence  with  the 

idealized  vortex  structure  described  by  mathematically  linear  equations,  the  vortices  approximate  to  pairs  of  longitudinal  rotating 
cylinders  with  circular  cross-sections.  These  become  elliptic  and  sometimes  skewed  in  the  second,  non-linear  stage.  The 

vortex  strength  is  continuously  intensified  due  to  the  energy  supply  from  the  mean  velocity  and  the  centrifugal  force  fields.  The 
third  stage,  the  transitional  region,  follows  next,  appearing  to  occupy  the  region  from  y>  =  32°  to  p  =  39°.  Using  different 
filtering  on  the  anemometer  signal  so  as  to  alter  the  effective  definition  of  intermittency  and  count  only  the  "conventional" 
turbulent  spots,  excluding  the  low-end  preferred  frequencies,  the  apparent  transition  region  would  shift  downstream  to  between 
tp  =  40°  and  p  —  47°,  the  transition  length  remaining  approximately  constant.  Transition  manifests  itself  first  by  a  meandering 
motion  of  the  vortices,  here  oscillating  at  approximately  16  Hz.  Bippes  and  Gortler  [25]  and  others  have  also  reported 
meandering  moi'on  in  the  early  stages  of  transition.  With  the  meandering  motion  still  present  another  form  of  secondary 

instability  occurs  3-5°  (approximately  2  4)  further  downstream  in  the  form  of  a  pulsating  three-dimensional  vortex,  consistent 
with  a  horseshoe  —  type  vortex  detected  by  Aihara  and  Koyama  [26],  Although  this  secondary  instability  has  been  associated  with 
the  high— shear  zone  in  the  upwash  u  vs  y  profile,  inflections  in  the  u  vs  z  distribution  have  recently  [27]  been  suspected  to 
play  a  more  important  role.  As  this  vortex  breaks  up,  "pulsing"  at  around  28  Hz  produces  turbulent  spots  which  from  then 
onwards  populate  very  rapidly  and  eventually  combine  into  turbulent  flow,  while  retaining  the  counter-rotating  vortex  character 
of  the  primary  instability.  This  is  the  fourth  and  final  stage.  Eventually,  turbulent  diffusion  evens  out  any  spanwise  velocity 
differences,  resulting  in  near -homogeneous  tuibulence  near  the  bend  exit.  The  two  preferred  trequencies,  lb  and  28  Hz,  whose 
values  are  likely  to  be  related  to  the  specific  characteristics  of  the  present  flow  (disturbance  source,  curvature,  flow  rate  etc.) 
were  attributed  to  the  meandering  motion  and  the  horseshoe  vortex  movement  respectively.  The  normal  distance  y  where  the 
spectra  indicated  maximum  energy  in  the  preferred  frequencies  was  consistent  with  the  upwash  high— shear  zone,  where  the 
fluctuating  velocities  also  peaked  during  transition  (Fig.  4b).  Fig.  8  shows  frequency  spectra  at  upwash,  (a)  at  <p  =  23°,  before 
transition,  where  only  low  frequencies  appeared,  (b)  at  yj  =  35°,  during  transition,  where  the  two  preferred  frequencies  are  seen 
together  with  higher  frequency  turbulence,  and  (c)  at  y>  =  54°,  after  transition,  where  the  preferred  frequencies  slowly  fade  out 
but  the  meandering  motion  still  persists  into  the  seemingly  turbulent  boundary  layer.  Spectra  at  downwash  were  similar, 
exhibiting  a  small  lag,  which  suggests  a  rapid  lateral  spread  of  turbulence,  expected  with  the  counter-rotating  motion 

redistributing  momentum  within  the  boundary  layer. 

The  amplitude  A  of  the  spanwise  distribution  of  u,  taken  at  the  distance  from  the  wall  where  it  peaks  and  normalised  by 
the  potential  wall  velocity,  provided  an  indication  of  the  state  of  the  boundary  layer.  As  shown  in  Fig.  9,  A  increased  from 
zero  near  bend  entry  to  reach  around  0  3  at  transition  start,  and  fell  to  0-2  at  transition  end.  The  decrease  in  A  following 
transition  start  was  the  result  first  of  vortex  unsteadiness  then  also  of  turbulent  diffusion,  which  increasingly  smeared  out  the 
time-mean  spanwise  variation  in  velocity.  This  variation  in  A,  peaking  at  around  0-3,  matches  that  found  previously  in 

another  flow  rig  [24], 

Consistency  of  the  results  with  concave  wall  boundary  layer  stability  theories  [28]  is  demonstrated  in  Fig.  10  by  plotting  the 
experimental  results  on  a  stability  chart  calculated  by  Finnis  and  Brown  [29].  The  values  of  Gj  plotted  against  a  g  (where  a  is 
the  wave  number  2WX)  lie  on  a  straight  line  corresponding  to  constant  wavelength  X  =  16  mm  (as  measured). 

A  limited  attempt  was  made  to  establish  a  criterion  for  transition  start,  by  varying  the  bulk  flow  velocity  and  detecting  the 
location  of  transition  start  (defined  by  y  =  10%).  Over  a  range  of  Rea  from  6300  to  12900,  upwash  Reg  at  transition  start 
was  between  460  and  500,  which  can  be  translated  (using  the  model  of  [9])  into  approximately  400  for  y  =  0  —  1%.  This 
value  is  twice  as  high  as  predicted  using  published  criteria  as  in  [9]  or  [10]  for  the  same  free  stream  turbulence  level  and  zero 

pressure  gradient  on  a  flat  surface.  Furthermore,  upwash  Gortler  numbers  at  transition  start  were  in  the  region  of  20  —  25, 

four  to  five  times  higher  than  predicted  using  Forest's  [6]  correlation  which  predicts  a  maximum  limiting  value  of  G  g  of  9. 


CONCLUSIONS 

After  initial  formation  of  the  vortex  structure  in  the  early  part  of  the  bend,  its  development  followed  the  well— documented 
linear  and  non-linear  stages  before  the  onset  of  a  meandering  motion  and  a  secondary  horseshoe— type  dynamic  instability 
leading  to  transition.  Transition  appeared  to  start  at  the  upwash  region  of  a  vortex  pair,  at  a  distance  from  the  wall  where  the 
r.m.s.  fluctuating  velocity  peaked  in  the  high -shear  layer.  Lateral  spreading  of  turbulence  to  the  downwash  region  was  rapid. 
The  transition  region,  as  defined  by  a  change  in  intermittency  factor  from  10%  to  around  90%,  was  short  compared  with  those 
often  inferred  from  heat  transfer  measurements  on  concave  walls  or  blade  cascade  pressure  surfaces;  this  suggests  that  gradual 
rises  in  heat  transfer  above  laminar  levels  may  be  due  in  part  to  pre- transitional  vortex  unsteadiness.  The  energy  spectrum 
during  flow  breakdown  on  the  concave  wall  showed  two  preferred  frequencies,  unlike  those  for  flat  plates. 

Velocity  profile  distortion  caused  widely  differing  variations  of  Reg  and  Gg  between  the  upwash  and  downwash  regions. 
Established  correlations  for  start  and  length  of  transition  on  flat  walls  were  found  not  to  apply  to  the  present  flow. 
Upwash  — localised  and  upwash -downwash  averaged  Reg  at  transition  start  were  found  to  exceed  those  expected  on  a  flat  surface; 
this  is  apparently  at  variance  with  the  results  of  other  investigations  but  the  present  values  are  not  representative  of  a  spanwise 
average  Reg  as  a  result  of  vortex  distortion  after  the  linear  phase  of  development.  This  result  together  with  previous  work 
suggests  that  Reg  and  Gg  are  not  necessarily  appropriate  parameters  for  formulating  a  transition  criterion  for  concave  walls. 
Other  factors  pointing  towards  this  conclusion  are  the  observations  that  vortex  pairs  at  different  stages  of  development  coexist  at 
the  same  streamwise  location,  and  also  integral  boundary  layer  parameters  (e.g.  6)  are  based  on  a  dynamic  layer  development 
resulting  not  only  from  fluid  viscosity  but  from  effects  related  to  the  Gortler  vortex  presence  as  well. 
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Fig.  6  Streamwise  variation  of  momentum  thickness  Reynolds  No.  Reg  and  Gortler  No.  G 


Fig.  7  Hydrogen  bubble  visualization  of  Gortler  vortex  development  at  Rea  =  10500 
(a)  Approximately  radial  view  of  whole  test  section 


Gortler  vortex  stability  diagram  (from  [29])  showing  present  measurements  (4,  upwash  -  down  wash  averaged) 
at  Rea  =  10500.  (a  =  wavenumber  2*/X,  (3  =  vortex  amplification  factor  defined  in  (291) 
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SUMMARY 

The  linear  stability  equations  for  compressible,  three-dimensional  laminar  boundary  layer  flow  are  derived  in  an  orthog¬ 
onal  curvilinear  coordinate  system.  The  system  of  equations  is  solved  using  a  finite  difference  scheme  in  order  to  study  the 
effects  of  streamline  and  surface  curvature  and  compressibility  on  the  stability  of  the  flow  past  a  swept  wing.  It  is  known 
that  convex  surface  curvature  can  have  a  stabilizing  effect  on  the  laminar  boundary  layer.  Conversely,  concave  surface 
curvature  can  be  destabilizing.  The  magnitude  of  these  effects  for  swept  wing  flows  is  determined. 

Results  indicate  that  amplification  rates  and  hence,  N-factors,  for  the  flow  over  the  convex  upper  surface  of  a  swept 
wing  can  be  reduced  by  about  15  to  45  percent  when  curvature  effects  are  included  in  the  linear  stability  analysis.  The 
results  of  the  calculations  show  that  concave  curvature  destabilizes  “crossflow”  type  disturbances  with  a  significant  increase 
in  amplification  rate.  In  addition,  comparisons  are  made  with  some  experimental  results  on  a  swept  concave-convex  surface. 
Calculated  velocity  vector  plots  show  good  agreement  with  observed  disturbances  in  the  laminar  boundary  layer  over  the 
concave  surface. 


LIST  OF  SYMBOLS 


A 

a 

c 

cp 

Cq 

e'j 

/ 

Gl 

9 1,2 
hi, 2 
H 
k 
L 

L/D 

M 

N 

P 

Pt 

9. 

r 

R 

Rc 

RCf 

Ri 

R 

* 

S 

s,  c,  w 
t 

T 

T/C 

U 

U,  V,  w 

X/C 

x,y,z 


disturbance  amplitude 

radius  of  curvature  of  wing  surface 

streamwise  chord  length  of  wing 

constant  pressure  specific  heat  and  pressure  coefficient,  (p  —  Poo)/9oo 

suction  coefficient,  (pW)w/(pU)e 

rate  of  strain  tensor  components 

disturbance  frequency,  Hertz 

Gortler  number,  fit ( | rc| ) 1,1,2 

metric  coefficients  for  the  x,y,  z  system  of  axes 

metric  coefficients  for  the  £,  77,  z  system  of  axes 

static  enthalpy 

laminar  thermal  conductivity 

characteristic  length,  (ceS/Uc)1^2 

lift  to  drag  ratio 

Mach  number 

ln(A/A0) 

static  pressure 

Prandtl  number,  pCp/k 

component  of  heat  flux  vector,  q 

radial  coordinate  in  the  cylindrical  polar  system  r,  9,  f 

reference  Reynolds  number,  Ue6*  /ut 

freestream  Reynolds  number,  Uqo C / 

crossflow  Reynolds  number,  XmoxAo.oiA'e 

Reynolds  number  based  on  L,  UeL/i/e 

gas  constant 

real  component 

surface  distance  along  streamline  path 

velocity  components  inside  the  boundary  layer  in  the  £,rj,z  directions 
time 

temperature 

normalized  airfoil  coordinate 
total  flow  velocity,  (u2  4-  u2)1/2 

velocity  components  inside  the  boundary  layer  in  the  1,  y,  z  directions 
normalized  streamwise  direction 
set  of  fixed  reference  axes 
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Greek 
a,  3 

real  disturbance  wave  number  in  the  £  and  r)  directions,  respectively 

^0.995 

st  reamwise  boundary  layer  thickness 

<5* 

displacement  thickness  in  the  x  direction 

e 

angle  between  x  and  (  coordinate  directions 

V 

coordinate  direction  in  the  wave  aligned  £,?},z  system 

9 

azimuthal  coordinate  in  the  cylindrical  polar  system  r,  9,  f 

A 

infinite  wing  leading  edge  sweep  angle 

A 

second  laminar  coefficient  of  viscosity 

Ay, 

wavelength  of  the  disturbance 

first  laminar  coefficient  of  viscosity 

u 

laminar  kinematic  viscosity 

1 

ratio  of  specific  heats 

£ 

coordinate  direction  in  the  wave  aligned  $,t},z  system  ( 

p 

angle  between  the  wavenumber  vector  and  $  direction 

V 

angle  between  the  external  streamline  direction  and  the  x  direction 

w 

complex  disturbance  frequency 

p 

density 

f 

axial  component  in  the  cylindrical  polar  coordinate  system  r,  8,  f 

K 

bulk  viscosity  coefficient  where  n  —  A  +  2p/3 

k 

local  surface  curvature  along  inviscid  streamline  path  normalized  with  L 

a 

spatial  amplification  rate 

r. 

stress  tensor  component 

P 

disturbance  orientation  angle  with  respect  to  streamline  direction 

Xmax 

maximum  mean  crossflow  velocity 

&0.01 

distance  normal  to  surface  at  \  =  O.OlXmm 

Subscripts 

0 

initial 

e 

at  the  edge  of  the  boundary  layer 

i 

imaginary  part  of  a  complex  number 

n 

normal  to  airfoil  leading  edge 

r 

real  part  of  a  complex  number 

tr 

transition 

w 

at  the  wall 

oc 

in  the  undisturbed  freestream 

Superscript 

s 

(  -  ) 

mean  (time  averaged)  quantity 

(  •  ) 

fluctuating  quantity 

(  '  ) 

disturbance  amplitude  function 

(  )' 

differentiated  with  respect  to  z 

1.  INTRODUCTION 

The  interest  in  the  possible  application  of  laminar  flow  control  (LFC)  techniques  to  commercial  transports  has  dra¬ 

matically  increased  in  the  past  ten  years  in  both  the  United  States  and  abroad.  Referring  to  Table  1,  which  compares  am 
advanced  turbulent  commercial  aircraft  to  an  aircraft  with  LFC  incorporated  in  the  design,  a  yearly  savings  of  4  million 
dollars  in  fuel  costs  for  that  particular  mission  could  be  realized  (see  Ref.  1)  .  The  LFC  systems  costs  could  be  recovered  in 

|  the  first  six 

months  of  operation.  It  must  be  noted  that  these  savings  are  based  on  fuel  costs  of  $1.50  per  gallon,  but  with 

the  dubious  forecast  of  decreasing  worldwide  petroleum  supplies  these  kinds  of  fuel  costs  will  most  certainly  return. 

To  predict  potential  savings  in  fuel  costs  or  improvements  in  aerodynamic  efficiency  as  a  function  of  total  laminarized 

I  surface  area 

,,  one  must  be  able  to  accurately  predict  the  location  of  transition  on  complex  three-dimensional  geometries. 

Pressure  gradient,  surface  curvature,  wall  temperature,  mass  transfer  and  unit  Reynolds  number  are  known  to  influence  the 
stability  of  the  boundary  layer.  It  has  been  shown  that  the  stability  theory  can  be  a  useful  tool  to  predict  the  onset  of 
transition  if  the  dominant  physical  effects  are  accounted  for.  The  major  goal  of  this  work  is  to  study  the  effects  of  surface 
and  streamline  curvature  for  compressible  flows  past  swept  wings.  It  is  hoped  that  the  extended  theory  will  better  correlate 
swept  wing  transition  data. 

The  crossflow  instability  for  the  flow  past  swept  wings  was  first  observed  in  flight  by  Gray  (Ref.  2).  He  noted  that 

transition  ocurred  at  flight  Reynolds  numbers  lower  than  those  for  unswept  wings.  This  type  of  instability  is  fundamentally 

S  the  same  as 

that  for  the  flow  over  a  rotating  disk.  The  rotating  disk  flow  is  easier  to  analyze  and  provides  much  information 

about  the  crossflow  instability.  The  linear  stability  equations  which  describe  the  stability  of  the  boundary  layer  for  this 
class  of  problems  was  first  derived  by  Stuart  (see  Ref.  3).  Later,  it  was  shown  that  the  streamline  curvature  and  Coriolis 
terms  included  in  the  analysis  stabilized  the  boundary  layer  significantly  (Ref.  4).  This  idea  was  extended  to  the  flow  past 
a  swept  cylinder.  There  again,  the  influence  of  the  streamline  and  surface  curvature  terms  were  shown  to  be  very  stabilizing 
for  flows  over  convex  surfaces  (Ref.  5). 

The  current  state-of-the-art  method  for  predicting  the  onset  of  transition  for  laminar  boundary  layers  is  the  e'v  method 
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tirst  proposed  independently  by  Smith  and  Gamberoni  (Ref.  6)  and  Van  Ingen  (Ref.  7)  .  Simply  put,  this  semi-empirical 
method  involves  computing  the  stability  of  the  boundary  layer  in  terms  of  the  disturbance  amplification  rate  which  is  then 
integrated  to  yield  the  N-factor.  The  key  to  the  method  is  the  hope  that  at  the  transition  location  the  N-factor  will  be  a 
single  universal  value  for  flows  over  smooth  surfaces  and  in  the  absence  of  any  “Morkovin  bypasses".  The  eN  method  of 
transition  prediction  seems  to  work  well  because  of  the  fact  that  the  linear  region  in  the  breakdown  process  occurs  over  a 
relatively  long  distance  compared  to  the  nonlinear  region  (see  Ref.  8).  For  two-dimensional  boundary  layers,  Smith  showed 
the  calculated  N-factor  to  be  near  9  at  the  measured  transition  location  for  low  speed  test  conditions. 

However,  the  situation  is  a  bit  clouded  for  flows  of  a  three-dimensional  nature  such  as  those  past  swept  wings  where 
crossflow  disturbances  are  present  and  are  strongly  amplified.  Previous  studies  have  shown  that  the  calculated  N-factor  at 
transition  varies  in  a  range  of  about  7-11  (Ref.  8  and  9a).  Some  analysis  of  recent  flight  transition  data  on  swept  wings 
have  produced  N-factors  as  high  as  20  (Ref.  9b).  Malik  has  shown  that  when  one  uses  the  maximum  amplification  method 
of  the  current  stability  theory  (Refs.  10  and  11),  which  computes  the  amplification  rate  and  N-factor  of  the  most  amplified 
disturbance  at  a  given  station  regardless  of  its  type  (Tollmien-Schlichting  or  crossflow)  for  a  range  of  frequencies,  that  N  is  in 
the  range  of  9-11.  Up  to  this  point  in  time,  the  linear  stability  theory  utilized  in  the  correlations  of  swept  wing  data  neglected 
the  effects  of  surface  and  streamline  curvature.  It  was  shown  by  Malik  and  Poll  (Ref.  5)  that  stability  calculations  including 
the  surface  and  streamline  curvature  terms  in  the  low  speed  (incompressible)  equations  resulted  in  significant  stabilization  of 
the  boundary  layer  for  the  flow  past  a  swept  cylinder.  In  addition,  it  was  shown  that  travelling  crossflow  type  disturbances 
were  most  amplified.  Although  the  curvature  terms  are  most  important  in  the  leading  edge  region,  the  N-factor  at  transition 
away  from  the  leading  edge  can  be  significantly  different  than  the  N-factor  calculated  neglecting  the  curvature  terms. 

It  is  known  that  compressibility  has  a  slight  stabilizing  effect  on  the  crossflow  type  instability  and  a  strong  stabilizing 
effect  on  Tollmien-Schlichting  (TS)  type  disturbances.  It  has  been  indicated  above  that  the  curvature  terms  included  in 
the  low  speed  analysis  results  in  very  significant  stabilization  of  the  boundary  layer  for  flows  dominated  by  the  crossflow 
instability.  Here,  one  of  the  goals  is  to  show  the  effect  of  the  streamline  and  body  curvature  on  the  laminar  boundary  layer 
for  compressible  flows  past  swept  wings  where  both  crossflow  and  TS  type  disturbances  are  highly  amplified. 

The  situation  in  two  dimensions  for  flows  past  concave  surfaces  where  centrifugal  effects  are  important  has  been  studied 
extensively  starting  with  the  the  works  of  Gortler  (Ref.  12  and  13)  and  Smith  (Ref.  14).  It  is  known  that  the  centrifugal 
instability  manifests  itself  in  the  form  of  pairs  of  counter-rotating  vortices  embedded  in  the  boundary  layer  for  flows  past 
concave  surfaces.  Recently,  Hal!  (Ref.  15)  studied  the  problem  of  the  Taylor-Gortler  vortex  structure  in  three-dimensional 
boundary  layers  using  asymptotic  theory.  He  showed  that  the  Gortler  vortex  structure  cannot  be  sustained  in  a  three 
dimensional  boundary  layer  with  large  enough  crossflow  Reynolds  number.  However,  it  is  not  known  what  effect,  if  any, 
concave  curvature  has  on  the  crossflow  instability.  Up  to  this  point  in  time,  there  have  been  no  experimental  studies 
for  conditions  such  as  those  that  may  occur  in  flight  to  determine  the  state  of  the  boundary  layer  in  the  concave  region 
of  supercritical  airfoil  for  non-zero  sweep  angles.  One  experiment  has  been  conducted  by  Kohama  (Ref.  16)  in  which  the 
laminar  boundary  layer  on  a  concave-convex  surface  was  studied  using  flow  visualization  and  hot-wire  anemometer  techniques. 
However,  the  pressure  distribution  through  the  concave  region  was  modified  by  tailoring  the  test  section  walls.  The  result 
was  a  nearly  constant  pressure  distribution  in  the  concave  region  which,  in  effect,  delayed  transition  to  a  location  aft  of  the 
concave  region.  At  a  sweep  angle  of  47  degrees,  Kohama  observed  that  it  was  the  Gortler  vortex  type  disturbance  which 
caused  the  onset  of  transition.  The  final  objective  of  this  study  is  to  determine  the  effect  of  sweep  on  the  Taylor-Gortler 
disturbance  for  swept  wing  flows  and  to  “simulate”  the  experiment  of  Ref.  16. 

2.  ANALYSIS 

It  is  proposed  to  follow  the  method  employed  by  Ref.  5  to  analyze  the  three-dimensional  flow  past  a  curved  surface. 
Two  orthogonal  curvilinear  coordinates  systems,  one  fixed  ( x,y ,  and  z)  relative  to  the  body  and  the  other  (f,  r?,  and  z)  free 
to  rotate  relative  to  x.y,  and  z  are  utilized  and  are  shown  in  Figure  1.  The  angle  between  x  and  f  is  defined  as  c.  In  the 
reference  system,  x  and  y  lie  in  the  plane  of  the  body  and  z  is  normal  to  the  surface.  The  corresponding  velocity  components 
are  u,  v  and  w.  Elements  of  length  for  curved  surfaces  in  this  system  are  given  by  g\dx,  g2dy,  and  g3dz.  Therefore,  the 
differential  arclength,  dl  is, 

dt2  =  g\2(dx)2  +  g22(dy)2  +  g32(dz)2 

Likewise,  in  the  £,r?  and  z  system,  £  and  rj  lie  in  the  plane  of  the  surface  and  z  is  normal  to  the  surface.  The  differential 
arclength  is  given  by 

d(2  =  hi2(d£)2  +  h22(dg)2  +  h32{dz)2 

The  velocity  components  are  s,c  and  w.  This  system  is  used  for  the  stability  analysis. 

The  non-dimensional  form  of  the  governing  equations  for  a  viscous,  heat  conducting,  perfect  gas  can  be  written  as; 


+  V  •  (pV)  =  0 


P  ^  +  (V  V)V  =-Vp+i(V-T) 


P  J  +  (V  V)T 


-h-l)M'2  g  +  (V.V)p  =  -Av.q+ll  J^.r:(VV) 


(2d) 
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1 

where  7  is  the  ratio  of  specific  heats,  Mc  =  Ut/(^RTC)^ ,  the  Mach  number  and  R  =  peUct>'  /  pc  the  Reynolds  number.  Here, 
the  usual  notation  is  used;  V,  is  the  velocity  vector;  q,  the  heat-flux  vector;  r,  the  viscous  stress  tensor;  and  p,  p,  T,  t 
the  density,  the  pressure,  the  temperature,  and  the  time,  respectively.  R  is  the  gas  constant.  The  equations  are  made 
dimensionless  by  normalizing  the  velocity  components  s,  c,  and  w  with  the  edge  velocity,  Ue\  the  pressure  with  pe£/e2;  the 
temperature  with  Te\  and  the  density  with  pe.  The  viscosity  coefficients  are  referred  to  pc.  The  coordinates  £,  q,  and  z 
are  normalized  with  the  boundary  layer  displacement  thickness  in  the  x  direction,  6*. 

Consider  a  flow  where  the  motion  may  be  described  by  the  superposition  of  a  steady  mean  component  and  a  small 
fluctuating  component.  Here,  “small”  is  taken  such  that  the  quadratic  terms  in  the  fluctuating  parts  may  be  neglected  in 
comparison  to  the  linear  terms.  Let  the  mean  flow  be  described  by  velocity  components  s,  c,  and  w  with  pressure  and 
temperature  p  and  T.  The  corresponding  quantities  for  the  small  unsteady  disturbance  are  s,  c,  w,  p  and  T.  Also,  assume 
that  the  physical  properties,  p,  A,  and  k  have  a  steady  mean  component  (p,  A,  and  k)  and  a  small  fluctuating  component  (p, 
A,  and  k)  both  of  which  are  a  function  of  temperature  only.  Then,  the  resultant  motion  may  be  described  by 

s  =  s  +  s  c  =  c  +  c  w  =  w  +  w 


with  physical  properties 
where. 


T  =  T  +  T  p  =  p4-p 


=  p  +  p 

A  —  A  4-  A 

k  =  k  +  k 

dp.  - 

=  -St 

dT 

t  <5A  - 
A  = 

dT 

T  9k  - 

k  =  — =T 
dT 

All  quantities  have  been  made  non-dimensional  in  the  same  way  as  the  quantities  above, 
parallel  flow  is  made,  so  that  the  mean  flow  may  be  described  by; 


Finally,  the  assumption  of  quasi- 


s  =  s(z)  c  --  c(z )  w  =  0 


and 

T  =  T(z) 

and  that  the  mean  flow,  including  these  assumptions,  satisfies  the  Navier-Stokes  (NS)  equations  (2a  -  2c). 

To  complete  the  derivation  of  the  stability  equations  it  is  assumed  that  the  disturbance  may  be  described  by  a  harmonic 
wave  of  the  form 

s  =  *R[s(z)expi(a£  +  0r\  -  uit) ) 
c  =  SR[c(z)expi(a$  +  /3r?  -  tut)] 
w  =  R[w(z)expi(a(  +  0r)  -  u><)] 
p  =  3J[p(z)expi(a£  +  0T]  -  wt)\ 

T  =  DJ[T(z)expi(a£  +  dr]  -  wt)] 

where  a  and  3  are  dimensionless  real  wavenumbers  in  the  £  and  77  directions  and  w  is  the  dimensionless  complex  frequency 
defined  by; 

a  =  a*  (5*  and  0  =  0'6‘ 

2  . 

and  u)  =  — — — w 

Ue 

For  this  disturbance,  the  wavenumber  vector  is  defined  such  that  it  makes  an  angle  <t>  with  the  $  axis; 


tan$  = 


3 

a 


(2c) 


Substitution  of  these  expressions  into  the  equations  2a  —  2d  and  subtracting  the  mean  flow  results  in  the  following  form  for 
the  equations  governing  the  growth  (or  decay)  of  small  disturbances  in  the  flow  (see  Ref.  18  for  a  more  detailed  derivation); 


continuity: 

(m2i  +  *'o0)s  +  (mi2  +  i0o)c  +  (m13  -I-  m23  -  i^-)u» 

1  oz 

+~iM'i{(m2iS  +  mi2c)  +  i(a0s  4-  0Qc  -  w)jp 
-  ^  [(rri2is  +  mi2c)  +  i(e»os  +  foe  —  lj)]T  +  w1  =  0 


(2/) 
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moment  am: 


1  ds 

£  :  i(a0s  +  A)C  -  w)s  +  tti— +  (sc  +  sc)mi2  +  swmi3  -  2ccm21 


+  ^  (scm12  -  c2m21)  =  -ta0p 


+  ^  <  s"  +  (  1  +  -  1  (taoU''  -  a0foc)  -  (  2  +  -  j  c*o2s  -  A)2® 


la^L.  M3f  5s  -  a2s -]  ia2p5f  as  f 

+  paf  {s  +taow]Tz+TzT  +d?T\  +*W*TzdzT 


r]  :  A  t(a0®  +  A)C  —  w)c  +  tii^  +  (cs  +  cs)m2i  +  ctum23  —  2ssmi2 


+  (7 Me2)i-^  (csm21  -  s2m12)  = -ifop 


A  I  -//  I  I  1  ,  ^  l  fjQ  */  _  /3  -'V  Jo  1^1  /3  2;  a.2: 
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where  a0  =  a/h\  and  0o  =  0/h2.  The  boundary  conditions  are 

s  =  e  =  ti  =  0  at  2  =  0 
s-*0,  c  — •  0,  w  — *  0  as  2— *oo 

The  equations  derived  above  for  the  compressible  flow  past  a  three-dimensional  curved  body  govern  the  temporal,  quasi¬ 
parallel  stability  of  small  amplitude  waves  in  the  boundary  layer.  The  wave  aligned  coordinate  system  (£,r?,z)  where  the 
wavenumber  vector  is  tangent  to  the  £  coordinate  (see  Ref.  3)  is  an  optimal  coordinate  system  for  the  study  of  the  stability 
of  the  boundary  layer  over  a  curved  surface.  However,  since  the  geometric  properties  of  the  wave  are  not  known  at  the 
beginning  of  the  computation,  the  solution  process  is  an  iterative  one.  First,  an  initial  orientation  of  the  wave  with  respect 
to  the  1  axis  is  specified  at  a  given  frequency  u>r  and  then,  a  and  0  are  found  such  that  the  temporal  amplification  rate  w, 
is  maximized  at  any  point  on  the  surface  for  a  fixed  Reynolds  number.  Once  this  initial  solution  is  found  at  all  x,  y,  and  2, 
the  £,  77  coordinate  system  is  rotated  such  that  the  £  coordinate  is  locally  aligned  with  the  wavenumber  vector;  then  a  new 
set  of  stability  characteristics  is  computed.  The  process  is  continued  until  the  angle  <p,  and  hence  0,  becomes  zero  (see  Eq. 
2e). 

3.  SOLUTION  OF  THE  GOVERNING  EQUATIONS 

Several  methods  are  available  for  solving  the  governing  linear  stability  equations.  The  method  used  here  is  the  numerical 
method  utilized  by  the  compressible  stability  analysis  computer  code,  COSAL  (Ref.  11).  The  system  of  governing  stability 
equations  (2/  -  2 j)  can  be  written  as 

(FD2  +GD  +  H)  T  =  0  (3o-3e) 

Here,  F,  G,  and  H  are  5x5  matrices  and  D  =  d(  )/dz  and  T  is  a  five  element  vector  defined  by 


T  =  P 
T 


The  non-zero  elements  of  the  matrices  F,  G,  and  H  are  given  in  Ref.  18. 

As  described  in  Refs.  5  and  17,  the  system  of  Eqs.  (3a  -  3e)  is  discretized  on  a  staggered  finite  difference  grid  where  the 
velocity  perturbations  are  defined  on  the  nodes  and  the  pressure  perturbations  are  defined  on  the  midpoints.  In  this  way, 
no  pressure  boundary  conditions  are  required.  Homogeneous  velocity  perturbation  boundary  conditions  are  imposed  at  the 
solid  boundary  (2  =  0)  and  in  the  freestream  (which  is  assumed  to  be  at  z  —  100).  The  governing  equations,  along  with 
the  boundary  conditions,  then  result  in  a  block- tridiagonal  system  of  equations  with  5x5  blocks.  The  resulting  system  is 
solved  by  an  LR  method  (Ref.  19)  if  no  guess  of  the  eigenvalue  is  available.  If  a  guess  for  the  eigenvalue  ui  is  available  then 
we  utilize  the  inverse  Rayleigh  iteration  procedure  (Ref.  19).  For  a  fixed  physical  frequency  wr,  the  stability  code  calculates 
the  maximum  temporal  growth  rate  w,,  which  then  determines  a  and  0.  The  condition  that  the  group  velocity  ratio  be 
real  for  the  propagation  of  a  monochromatic  wave  in  a  three-dimensional  boundary  layer  (see  Ref.  20)  is  automatically 
satisfied  when  the  temporal  maximum  is  computed.  The  group  velocity  Vg  =  (dui/da,  duj/d0),  which  is  needed  in  this 
maximization  procedure  and  for  converting  temporal  growth  to  spatial  growth,  is  also  calculated.  Some  tests  were  conducted 
for  two-dimensional  flow  over  a  concave  surface  and  the  computed  growth  rates  (using  the  group  velocity  transformation) 
agreed  well  with  the  spatial  calculations  of  Ragab  and  Nayfeh  (Ref.  21).  An  N  factor  for  transition  correlation  may  be 
defined  as 

{3,) 

where  j  is  the  arclength  on  the  solid  body  along  a  curve  that  is  everywhere  tangent  to  3i(V9). 

In  order  to  solve  the  stability  equations  (3a -3e),  curvature  coefficients  must  be  specified  for  the  swept  wing  configuration 
under  study.  For  simplicity,  it  is  assumed  that  the  surface  of  the  wing  be  formed  from  the  intersection  of  several  swept 
cylinders.  The  cylinders  are  used  only  to  obtain  the  curvature  coefficients.  The  natural  choice  for  the  fixed  reference  axes 
in  this  case  is  then  the  cylindrical  polar  coordinate  system  r,  0,  f .  For  the  body  fixed  system  of  Figure  2,  note  that 


=  J  adO,  y  =  f ,  and  z  —  r  —  a 


where  a  is  the  local  radius  of  curvature  of  the  wing  surface.  Hence,  by  considering  the  length  of  a  small  element,  it  follows 
that 

gi  =  1  +  (z/a)  and  g2  =  1 

The  mean  boundary  layer  flow  was  computed,  in  this  coordinate  system,  by  using  a  laminar  compressible  boundary  layer 
code  by  Kaups  and  Cebeci  (Ref.  22).  The  pressure  distribution  used  as  input  to  the  boundary  layer  code  for  the  parametric 
study  on  the  supercritical  airfoil  (see  Figure  3)  was  computed  utilizing  a  transonic  potential  code  by  Bauer,  Garabedian, 
Korn  and  Jameson  (Ref.  23).  Experimental  pressure  distributions  were  used  for  the  study  of  the  concave-convex  airfoil  of 
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Kohama  (see  Figure  4),  The  general  form  of  the  curvature  coefficients  in  equations  (3 a  —  3e)  may  be  written  as 


6*  dhi 

dt 

mi2  = 

hxh2  dn 

=  6  cose 

dx 

6'  dh2 

dt 

m21  = 

h\h2  d£ 

=  —  6sin 

e  dx 

6 *  dhY  _ 

b cos2  e 

"*13  = 

h\  dz 

(1  +  bz) 

6 *  dh2  _ 

6  sin2  e 

"123  - 

h2  dz 

(1  +  bz) 

where  b  =  S'  /a.  Note  that  x  has  been  nondimensionalized  with  respect  to  a,  and  z  with  respect  to  6 *. 

Previous  experience  has  shown  that  crossflow  vortices  align  themselves  such  that  the  wavenumber  vector  is  nearly  normal 
to  that  of  the  flow  at  the  edge  of  the  boundary  layer.  This  is  exactly  true  for  Gortler  vortices  in  two-dimensional  flows. 
With  this  in  mind,  the  initial  £,  rj,z  coordinate  direction  was  chosen  so  that  the  rj  direction  is  aligned  with  that  of  the  local 
streamline.  Therefore,  the  initial  orientation  is  obtained  by  setting  e  =  tt/2  —  ip;  i.e., 


W]2 


m21 


m13 


"123 


b  tan  A  sin  ip  cos'4  ip 


.2 f  (*) 


/»(*) 


-b  tan  A  cos’3  ^ 


,3  f  (*) 


/>(*) 


b  sin2  ip 
(1  +  bz) 

b  cos2  ip 
(1  4-  bz) 


(streamline  divergence) 


(streamline  curvature) 


(surface  curvature  in  the  £  direction) 


(surface  curvature  in  the  rj  direction) 


where  /( x)  =  Uc/Uoo  and  ip  is  the  angle  between  the  external  streamline  and  the  x  direction, 

ve  Vao  tan  A 

tanV>  -  s;  ~  tww  “  w> 

This  system  of  coordinates  (£,  r/,  z)  worked  very  well  as  a  starting  point  for  this  problem  with  convergence  being  complete 
after  three  iterations.  When  the  TS  type  instability  was  dominant,  convergence  was  achieved  after  about  six  iterations. 
However,  the  number  of  iterations  can  be  reduced  by  changing  the  initial  orientation  of  the  coordinate  system. 


4.  RESULTS  AND  DISCUSSION 

The  linear  stability  equations  under  the  parallel  flow  assumption  have  been  derived  for  the  compressible  flow  past  curved 
three-dimensional  bodies.  The  governing  equations  have  been  solved  by  utilizing  the  same  numerical  method  as  that  in 
the  compressible  linear  stability  code,  COSAL.  Section  4.1  describes  the  effect  of  increasing  sweep  (or  crossflow  Reynolds 
number)  on  the  stability  of  the  laminar  boundary  layer  in  the  concave  region  on  the  lower  surface  of  a  supercritical  airfoil 
utilizing  the  theory  described  above.  In  section  4.2,  the  effects  of  body  and  streamline  curvature  on  the  stability  of  the 
laminar  boundary  layer  past  the  upper  surface  (convex  curvature)  of  an  NLF  airfoil  are  calculated.  Two  different  pressure 
distributions  are  examined. 


4.1  Effects  of  Sweep  on  the  Stability  of  the  Flow  Past  a  Concave  Cutout  on  a  Supercritical  Airfoil 

It  is  known  that  Gortler  vortices  are  present  in  two-dimensional  flow  over  a  concave  surface  and  that,  if  the  crossflow 
Reynolds  number  is  large  enough,  crossflow  disturbances  are  to  be  expected  in  a  three  dimensional  boundary  layer  regardless 
of  the  sign  of  the  surface  curvature.  It  is  the  goal  here  to  examine  the  effects  of  increasing  sweep  (or  crossflow  Reynolds 
number)  on  the  Gortler  vortex  structure.  Also,  the  effect  of  concave  curvature  on  the  crossflow  instability  will  be  examined. 
The  ‘parallel  flow’  stability  equations  given  above  are  valid  for  both  the  crossflow  and  Gortler  vortices,  since  the  main  interest 
here  is  with  the  most  amplified  disturbances  which  correspond  to  high  wavenumbers.  In  general,  the  Gortler  vortex  structure 
is  represented  by  parabolic  partial  differential  equations  not  amenable  to  normal  mode  analysis  (see  Ref.  15).  Malik  and 
Poll  (Ref.  5)  showed  that  unsteady  (w,  ^  0)  crossflow  disturbances  may  be  more  unstable  than  the  steady  disturbances. 
The  same  may  be  true  for  Gortler  vortices  in  three-dimensional  boundary  layers.  For  this  part  of  the  study,  however,  the 
computations  are  restricted  to  steady  (u>r  =  0)  disturbances  only,  though  the  analysis  given  above  also  applies  to  the  unsteady 
disturbances. 

Linear  stability  calculations  have  been  made  for  the  concave  region  of  a  supercritical  airfoil.  Various  combinations  of 
sweep  angle  A  and  freestream  chord  Reynolds  number  Rc  used  to  compute  the  mean  flow  are  given  in  Table  2  for  the  surface 
geometry  shown  in  Figure  3.  The  region  of  interest  for  this  study  is  the  concave  zone  of  the  airfoil  which  extends  from  about 
7%  chord  to  16.5%  chord  on  the  lower  surface  as  shown  in  Figure  3. 

Cases  1-5  from  Table  2  were  analyzed  utilizing  the  pressure  distribution  shown  in  Figure  5  at  Mn  =  0.75.  Suction 
was  applied  to  the  boundary  layer  calculation  to  prevent  laminar  separation  in  the  adverse  pressure  gradient  region  of  the 
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concave  zone.  For  each  case,  the  normal  Mach  number  (and  hence  the  normal  pressure  distribution)  was  held  const  tint, 
Mn  =  0.75,  as  sweep  was  increased.  The  normal  chord  C„  was  6.51  feet. 

Presented  in  Figure  6  are  the  results  of  Case  5,  A  =  30  degrees,  at  the  streamwise  location  where  the  amplification  rate 
is  the  greatest.  This  occurs  at  X/C  =  0.1059,  where  Ref  =  246  is  a  maximum  in  the  concave  region.  As  can  be  seen  from 
the  velocity  vector  plot,  Figure  6,  the  vortex  structure  at  this  location  is  of  the  crossflow  type,  i.e.,  of  a  co-rotating  nature. 
In  fact,  this  was  the  case  for  the  conditions  of  Cases  2,  3,  and  4,  also.  Figure  6  is  essentially  a  plot  of  velocity  components 
s  and  w,  where; 

a  =  s  +  es  and  w  =  ew 

in  which  l  was  assigned  a  value  of  0.2.  Other  values  of  this  parameter  were  also  tried  in  order  to  study  the  sensitivity  of 
the  vortex  structure  and  qualitatively  similar  results  were  obtained.  It  should  be  pointed  out  that  the  vortex  structure  was 
of  the  crossflow  type  from  the  point  where  instability  was  first  detected,  about  9%  chord,  for  Cases  2-5.  In  this  region, 
the  Gortler  number  is  low,  i.e.,  less  than  10,  and  the  crossflow  Reynolds  number  is  increasing.  For  Case  5,  the  parameter 
A^/60.995  =  2.794  which  is  typical  for  crossflow-type  disturbances. 

The  results  from  Case  5  at  X/C  =  0.1330,  a  location  where  Ref  is  near  35  and  the  Gortler  number  is  about  21,  are 
shown  in  Figure  7.  As  can  be  seen  from  the  velocity  vector  plot,  Figure  7,  the  vortex  structure  is  of  the  Gortler  counter¬ 
rotating  type;  however,  the  structure  is  highly  skewed.  This  result  indicates  that  the  vortex  structure  would  develop  from 
the  crossflow  type,  present  where  crossflow  Reynolds  number  is  higher,  to  the  Gortler  type  as  the  crossflow  Reynolds  number 
approaches  zero.  The  wavelength  to  boundary  layer  thickness  ratio  was  calculated  to  be  1.480  which  is  near  the  expected 
value  for  Gortler  type  disturbances.  We  must  caution,  however,  that  our  analysis  is  a  local  one.  What  structure  might 
actually  be  present  also  depends  upon  the  upstream  history. 

Presented  in  Figure  8  is  the  disturbance  orientation  with  respect  to  the  streamline  direction  for  the  conditions  of  Cases 
2-5.  As  the  sweep  angle  increases  (hence,  also  the  maximum  crossflow  Reynolds  number),  the  orientation  angle  of  the  wave 
with  respect  to  the  external  streamline  at  the  point  of  maximum  amplification  increases.  For  Case  5,  where  the  crossflow 
Reynolds  number  i9  higher,  the  axis  of  the  crossflow  vortex  makes  an  angle  of  about  4  degrees  with  the  streamline  direction. 
This  result  is  consistent  with  previous  observations  and  calculations  involving  flows  with  crossflow  type  disturbances  (Ref. 
24  )  .  As  the  disturbance  develops  in  the  streamwise  direction  and  transforms  to  the  Gortler  structure,  the  angle  with  the 
streamline  direction  decreases  to  almost  zero. 

The  spatial  disturbance  amplification  rate  at  the  fractional  chord  location  where  it  is  a  maximum  is  shown  in  Figure  9  as 
a  function  of  sweep  angle  for  the  conditions  of  Cases  1-5.  The  results  seem  to  indicate  that  the  centrifugal  effects  due  to  the 
concave  curvature  result  in  a  higher  amplification  rate  for  the  Gortler  structure  at  zero  degrees  of  sweep  than  the  crossflow 
structure  at  non-zero  sweep  angles.  In  addition,  as  the  sweep  angle  increases,  the  centrifugal  effects  decrease  with  regard 
to  the  amplification  of  the  crossflow  disturbances  for  the  conditions  of  Cases  2-5.  The  amplification  rate  drops  by  almost 
50%  when  the  sweep  is  increased  from  0  to  30  degrees.  However,  since  the  streamlines  are  curved  in  a  three-dimensional 
boundary  layer,  the  distance  for  vortex  amplification  (see  Eq.  3/)  increases  with  increasing  sweep.  As  a  consequence,  the 
total  vortex  amplification  will  not  be  smaller  by  50%  when  A  =  30  degrees.  In  fact,  the  N-  factor  is  4.3  when  the  sweep  is 
zero  and  3.0  when  the  sweep  is  30  degrees,  a  decrease  of  about  30%  in  the  N  factor. 

The  effects  of  the  curvature  terms  in  the  governing  equations  have  been  shown  to  be  stabilizing  in  flowfields  over  convex 
walls  (Ref.  5).  For  flows  over  concave  walls,  the  curvature  terms  are  destabilizing.  The  amplification  rate  versus  position 
for  the  case  of  30  degrees  sweep  is  presented  in  Figure  10  with  and  without  the  curvature  terms  included  in  the  analysis. 
The  peak  amplification  rate,  as  well  as  the  N  factor,  is  almost  33%  higher  for  the  case  where  streamline  and  surface  curvature 
terms  are  included  in  the  analysis  when  compared  with  the  calculation  where  the  terms  are  neglected. 

The  stability  of  the  boundary  layer  on  the  surface  shown  in  Figure  4  was  studied  experimentally  by  Kohama  (Ref. 
16).  For  that  study,  flow  visualization  and  hot-wire  anemometer  techniques  were  used  to  study  the  flowfield  through  the 
concave  zone  in  detail  for  sweep  angles  of  0  degrees  and  47  degrees  for  unit  Reynolds  numbers  up  to  about  200,000/ft. 
The  concave  region  extends  from  about  16%  chord  to  about  33.5%  chord.  The  measured  streamwise  pressure  distribution 
from  the  study  is  shown  in  Figure  11.  The  nearly  constant  pressure  distribution  through  the  concave  region,  utilized  to 
avoid  laminar  separation,  was  achieved  in  the  experiment  by  tailoring  the  walls  of  the  test  section.  Little  variation  in  the 
pressure  distribution  was  reported  for  the  speed  range  of  about  20  ft. /sec.  to  32  ft. /sec.  .  Cases  6-8  were  studied  so  that 
comparisons  can  be  made  with  the  experimental  observations  of  Kohama  for  the  case  of  47  degrees  sweep.  Detailed  results 
of  the  calculations  are  presented  in  Figures  12  and  13  for  Case  7  only. 

The  effect  of  the  nearly  constant  pressure  distribution  shown  in  Figure  11  on  the  mean  flow  calculations  is  to  keep  the 
crossflow  Reynolds  number  under  50  in  the  concave  region  to  about  30%  chord  on  the  airfoil  for  the  speed  range  considered. 
However,  beyond  30%  chord,  the  crossflow  Reynolds  number  increases  very  rapidly.  The  Gortler  number  in  the  concave 
region  is  between  15  and  29  for  the  given  test  conditions.  Kohama  observed  the  existence  of  the  Gortler  vortex  structure  in 
this  concave  region. 

Presented  in  Figure  12  is  the  velocity  vector  plot  at  the  location  where  the  amplification  is  a  maximum.  Here,  at 
X/C  =  0.23  the  crossflow  Reynolds  number  is  about  28,  a  minimum.  As  can  be  seen,  the  disturbance  structure  is  of  the 
Gortler  type;  that  is,  counter-rotating  in  nature.  Also,  \w/6o.99s  =  1.20,  which  is  consistent  with  previous  observations  for 
the  Gortler  vortex  structure. 

Kohama  also  observed  that  the  Gortler  vortex  developed  into  a  crossflow  type  disturbance  before  the  end  of  the  concave 
region.  This  cam  be  explained  by  the  fact  that  the  favorable  pressure  gradient  starts  before  the  end  of  the  concave  region 
causing  a  rapid  increase  in  the  crossflow  Reynolds  number,  thereby  resulting  in  a  disturbance  of  the  crossflow  type.  This 
result  is  presented  in  Figure  13  which  shows  the  velocity  vectors  plotted  for  X/C  =  0.3342.  The  crossflow  Reynolds  number 
has  increased  to  94  resulting  in  the  development  of  a  co-rotating  crossflow  vortex  from  the  Gortler  vortex  pair.  Similar 
results  were  predicted  for  Cases  6  and  8. 

In  a  given  physical  situation,  the  transformation  from  counter-rotating  to  co-rotating  structures  will  depend  upon  various 
factors,  including  the  strength  of  the  vortex,  the  Gortler  number,  and  the  crossflow  Reynolds  number.  For  the  cases  studied 
in  this  paper,  it  appears  that  only  the  co-rotating  structure  exists  when  Ref  is  in  excess  of  45.  It  should  be  noted  that  at  this 
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value  of  Rcf,  crossflow  instability  will  be  absent  on  a  convex  or  flat  surface.  This  emphasizes  the  role  that  concave  curvature 
plays  in  the  instability  of  three-dimensional  boundary  layers. 

4.2  Curvature  Effects  on  the  Stability  of  the  Flow  Past  the  Upper  Surface  of  a  Swept  Wing 


It  has  been  shown  that  convex  curvature  has  a  stabilizing  effect  on  the  growth  of  disturbances  in  the  laminar  boundary 
layer  over  a  swept  cylinder  at  low  speeds  (Ref.  5).  In  addition,  the  stability  of  the  boundary  layer  is  a  function  of  factors 
such  as  Mach  number,  Reynolds  number,  pressure  gradient  and  sweep,  as  well  as  others.  In  this  part  of  the  study,  we 
attempt  to  examine  the  effect  of  pressure  gradient  on  the  stability  of  the  laminar  boundary  layer  on  the  upper  surface  of  an 
infinite  swept  wing  including  body  and  streamline  curvature  in  the  linear  stability  theory  described  above. 

The  maximum  amplification  option  as  described  in  Refs.  10  and  11  is  utilized  to  compute  the  stability  of  the  flow  for 
Cases  9  and  10  listed  Table  2.  Briefly  stated,  this  option  in  the  code  searches  for  the  most  amplified  disturbance  at  each 
location  for  a  given  frequency.  The  calculation  is  made  for  a  range  of  frequencies  to  determine  which  frequency  yields 
the  highest  disrturbance  amplification  for  the  given  flow  conditions.  Note  that  the  calculation  is  started  by  guessing  the 
orientation  and  wavelength  of  the  initial  disturbance,  either  of  the  crossflow  type  or  of  TS  type,  and  that  as  the  calculation 
progresses  downstream  the  orientation  and  wavelength  is  allowed  to  change  so  that  the  disturbance  amplification  is  maximized. 
Therefore,  for  nonzero  frequencies,  it  is  possible  near  the  leading  edge  to  at  first  “lock  on”  to  a  travelling  crossflow-like 
disturbance  in  a  region  with  a  strong  favorable  pressure  gradient  and  further  downstream  compute  a  TS  type  disturbance 
as  the  pressure  gradient  becomes  less  favorable  or  adverse;  all  in  the  course  of  a  single  calculation.  It  is  this  method  that 
has  correlated  most  transition  data  in  an  X-factor  range  of  9-11  (Refs.  8  and  9a).  However,  up  until  very  recently,  swept 
wing  transition  data  has  been  correlated  with  N-factors  based  on  stability  theory  neglecting  the  effects  of  curvature.  Here, 
we  will  attempt  to  show  how  the  inclusion  of  the  curvature  terms  in  the  linear  stability  theory  can  influence  the  transition 
prediction  process. 

For  the  two  cases  studied  here,  the  freestream  Mach  number  is  0.80,  the  sweep  is  25  degrees  and  the  chord  Reynolds 
number  is  30  million.  The  angle  of  attack  for  Cases  9  and  10  was  -1.0  and  -3.0  degrees,  respectively.  The  computed 
pressure  coefficients  used  as  inputs  to  the  boundary  layer  code  of  Ref.  22  are  presented  in  Figure  14.  The  corresponding 
crossflow  Reynolds  number  distribution  is  presented  in  Figure  15.  It  is  expected  that  the  pressure  distribution  of  Case  9  will 
generate  crossflow  type  disturbances  very  near  the  leading  edge  and  TS  waves  further  back  on  the  airfoil  where  the  pressure 
gradient  is  near  zero.  On  the  other  hand,  the  pressure  distribution  of  Case  10  is  expected  to  be  crossflow  dominant  due  to 
the  fact  that  the  crossflow  Reynolds  is  continously  increasing.  These  two  pressure  distributions  provide  excellent  test  cases 
for  investigating  the  objectives  mentioned  above. 

The  results  of  the  linear  stability  calculations  for  Cases  9  and  10  are  presented  in  Figures  16-21.  Only  the  results  at 
the  most  amplified  frequency  are  presented.  Shown  in  Figure  16  is  the  wave  orientation  angle  with  respect  to  the  streamline 
direction:  a  parameter  which  gives  an  indication  of  the  type  of  disturbance  present  in  the  boundary  layer.  As  mentioned 
before,  it  is  known  from  previous  observations  that  crossflow-type  disturbances  align  themselves  such  that  they  make  an 
angle  of  4-6  degrees  with  the  streamline.  As  can  be  seen,  this  is  the  case  at  all  X/C  locations  computed  for  the  conditions 
of  test  Case  10.  Initially,  i p  is  near  5  degrees  for  the  test  conditions  of  Case  9;  however,  as  the  pressure  distribution  becomes 
nearly  flat,  the  orientation  angle  increases  very  rapidly.  This  result  indicates  that  at  first  the  crossflow  type  disturbance  is 
most  amplified;  but,  further  downstream  highly  amplified  TS  waves  are  dominant. 

Similar  conclusions  about  the  disturbance  type  can  be  inferred  from  the  results  presented  in  Figure  17  which  shows  the 
non-dimensional  wavelength  parameter  A^/^o.ggs  as  a  function  of  X/C.  For  the  conditions  of  Case  10,  this  parameter  is 
near  4  at  all  X/C  which  is  consistent  with  previous  observations  for  the  crossflow  disturbance.  For  Case  9,  /60.99s  is  near 

4  initially  but  increases  to  11  or  12  very  quickly  indicating  again  that  the  TS  type  disturbance  becomes  most  amplified  in 
the  roof-top  region  of  the  pressure  distribution.  It  must  be  noted  that  the  orientation  and  non-dimensional  wavelength  of 
the  disturbances  were  only  very  slightly  different  when  computed  without  the  curvature  terms  included  in  the  analysis. 

Shown  in  Figure  18  is  the  spatial  amplification  rate  at  the  most  amplified  frequency  of  4000  Hz.  for  Case  9  computed 
with  and  without  the  curvature  terms  included  in  the  analysis.  These  results  indicate  that  for  this  case  the  curvature  terms 
are  most  important  in  the  first  six  percent  chord  where  the  body  and  streamline  curvature  are  greatest  and  the  crossflow  type 
disturbance  is  most,  amplified.  A  37%  decrease  in  peak  amplification  rate  is  obtained  when  the  curvature  terms  are  included 
in  the  analysis.  Beyond  about  ten  percent  chord  where  the  most  amplified  disturbance  is  of  the  TS  type,  the  curvature 
terms  have  a  negligible  effect  on  the  spatial  amplification  rate.  In  this  region,  the  pressure  gradient  (streamline  curvature) 
and  the  body  curvature  is  very  small. 

The  spatial  amplification  rates  for  the  conditions  of  Case  10  are  presented  in  Figure  19.  The  reduction  in  peak 
amplification  rate  due  to  curvature  in  this  case  in  only  about  12%.  Note,  aiso,  that  the  favorable  gradient  further  downstream 
results  in  some  stabilization  of  the  flow.  It  is  generally  known  that  the  pressure  distribution  in  Case  9  is  more  stable  in  the 
leading  region  than  that  of  Case  10  as  can  be  seen  by  comparing  the  amplification  rates.  Even  without  curvature  the  peak 
amplification  of  Case  9  is  about  15%  less  than  that  of  Case  10.  When  the  curvature  terms  are  included  in  the  calculation, 
peak  amplification  is  about  45%  less  for  Case  9  compared  to  Case  10.  The  additional  decrease  is  probably  due  mostly  to 
curvature  of  the  streamlines  since  the  body  curvature  is  the  same  in  the  two  cases. 

It  was  shown  in  Ref.  18  that  the  N-factor  at  transition  for  several  flight  conditions  for  the  flow  past  a  swept  wing  averaged 
8.9  when  curvature  was  included  in  the  analysis.  The  calculated  N-factor  at  the  most  amplified  frequency  for  Cases  9  and 
10  utilizing  the  maximum  amplification  method  is  presented  in  Figure  20.  For  Case  9,  the  N-factor  was  16  when  computed 
without  curvature  at  the  location  (about  10  percent  chord)  where  the  N-factor  was  9  when  computed  with  curvature.  This 
represents  a  decrease  of  about  44%  due  to  curvature.  The  N-factor  for  Case  10  calculated  including  the  curvature  terms 
is  9  at  about  5%  chord.  At  this  same  location,  the  N-factor  is  about  14  when  calculated  neglecting  the  curvature  terms. 
In  this  case,  the  N-factor  is  36%  lower  when  computed  including  the  curvature  terms  in  the  analysis.  It  is  clear  then  that 
tailoring  the  pressure  gradient  can  be  utilized  to  exploit  the  benefits  of  additional  stabilization  due  to  curvature  of  the  body 
and  streamlines.  Also,  these  results  along  with  those  of  Refs.  4,  5,  and  18  illustrate  the  importance  of  the  curvature  terms 
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in  the  linear  stability  analysis  as  well  as  the  impact  the  terms  may  have  on  the  eN  method  for  transition  prediction. 

It  was  shown  earlier  in  this  paper  that  for  the  cases  studied  here  the  curvature  terms  had  little  influence  on  the  spatial 
amplification  rates  at  locations  where  TS  type  disturbances  where  dominant.  However,  it  must  be  emphasized  that  the 
curvature  terms  can  reduce  the  factors  computed  at  locations  where  TS  is  dominant  if  there  is  a  region  upstream  where  the 
crossflow  instability  is  dominant.  It  is  known  that  compressibility  does  stabilize  TS  amplification  and  reduce  N-factors  where 
TS  is  strongly  amplified.  Prior  to  Ref.  18  and  this  study,  the  3-D  linear  stability  equations  where  curvature  was  included 
(Refs.  4,  5.  and  17)  neglected  compressibilty  effects.  Presented  in  Figure  21  is  the  N-factor  calculated  using  the  maximum 
amplification  option  at  the  most  amplified  freqency  for  Case  9  including  the  curvature  terms.  Incompressible  theory  is 
compared  against  compressible  theory.  As  can  be  seen,  compressibility  makes  little  difference  in  the  leading  edge  where  the 
crossflow  disturbance  is  dominant;  however,  further  downstream  where  the  TS  instability  is  dominant  compressibilty  effects 
are  significant  in  the  N-factor  calculation. 


5.  CONCLUSIONS 

The  three-dimensional  linear  stability  equations  including  the  body  and  streamline  curvature  terms  for  the  compressible  flow 
past  a  swept  wing  have  been  presented.  The  effects  of  these  terms  on  the  stability  of  the  flow  past  concave  and  convex 
swept  wing  surfaces  have  been  calculated.  Based  on  the  computations,  the  following  major  conclusions  can  be  drawn: 

1.  As  the  crossflow  Reynolds  number  increases  beyond  45  in  the  flow  past  a  swept  concave  surface,  the  Gortler  vortex 
structure  evolves  to  the  crossflow  vortex  structure. 

2.  Centrifugal  effects  due  to  concave  curvature  were  shown  to  destabilize  the  crossflow  instability  resulting  in  amplification 
rates  33%  higher  than  those  computed  without  curvature. 

3.  It  was  shown  that  by  comparing  prediction  with  experimental  observation  on  a  swept  concave-convex  wall,  the  linear 
stability  analysis  correctly  predicts  the  structures  existing  in  the  boundary  layer,  including  the  disturbance  orientation 
and  wavelength. 

4.  It  was  shown  that  for  flow  past  a  swept  convex  surface  the  crossflow  instability  is  damped  dramatically  when  the  surface 
and  streamline  curvature  terms  are  included  in  the  analysis. 

5.  It  was  shown  that  the  curvature  terms  included  in  the  analysis  had  little  influence  on  the  amplification  rates  in  regions 
where  the  TS  instability  was  highly  amplified;  but,  the  N-factor  in  such  regions  is  reduced  when  preceded  by  regions 
where  the  crossflow  instability  is  highly  amplified. 

6.  Pressure  gradient  can  be  utilized  to  take  advantage  of  the  favorable  effects  of  curvature  on  a  swept  convex  surface. 

7.  It  is  important  to  include  the  effects  of  compressibility  along  with  the  curvature  terms  when  computing  the  N-factor  for 
flows  with  first  highly  amplified  crossflow  vortices  followed  by  highly  amplified  TS  disturbances. 
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TABLES 


Table  1:  Comparison  of  a  LFC  transport  design  with  an  advanced  turbulent  design  (from  Ref.  1). 


Mission:  400  passengers  and  6500  nm. 

Adv.  Turbulent 

LFC 

Take  off  gross  weight  (lb.) 

645,073 

590,496 

Fuel  burn  (lb.) 

274,073 

214,711 

Aquisition  cost  ($M) 

79.2 

81.1 

Incremental  fuel  cost  ($M/yr.) 

3.9 

0 

Table  2: 

Case  study  examining  curvature  effects 

on  the  stability  of  laminar  boundary  layers  on  swept  wings 

Case 

Mn 

A  (degrees) 

Rc  x  10"6 

1. 

0.75 

0.0 

3.56 

2. 

0.75 

5.0 

3.59 

3. 

0.75 

10.0 

3.67 

4. 

0.75 

15.0 

3.82 

5. 

0.75 

30.0 

4.74 

6. 

s=0.0 

47.0 

0.56 

7. 

«0.0 

47.0 

0.90 

8. 

«0.0 

47.0 

1.13 

9. 

0,725 

25.0 

30.0  (a  =  -1.0°) 

10 

0.725 

25.0 

30.0  (a  =  -3.0°) 

T/C  .OOl 


Figure  1:  Notation  for  the  fixed  reference  (i,  y)  and  wave 
aligned  (£,  rj)  systems  of  orthogonal  curvilinear 
coordinates.  Cp 


Figure  3:  Airfoil  surface  geometry  as  a  function  of  posi¬ 
tion;  Cases  1-5. 


Figure  4:  Surface  geometry  of  the  model  of  Cases  6-8  as 
a  function  of  chord  fraction. 


Figure  5:  Pressure  coefficient  distribution  as  a  function  of 
position;  Cases  1-5. 


Figure  6:  Velocity  vector  plot  in  the  z  plane  for  the  con¬ 
ditions  of  Case  5;  X/C  =  0.1059,  Xw/6o.g95 
2.794,  Rcf  =  246. 
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Figure  7:  Velocity  vector  plot  in  the  f ,  z  plane  for  the  con¬ 
ditions  of  Case  5;  X/C  =  0.1330,  ^w/ 60.99s  = 
1.480,  Rcf  =  35. 


Figure  8:  Wave  orientation  with  respect  to  the  streamline 
direction  as  a  function  of  position  for  cases  2-5. 


Figure  9:  Maximum  amplification  rate  as  function  of  sweep 
angle  for  Cases  1-5. 


Figure  10:  Amplification  rate  as  a  function  of  position  for 
conditions  of  case  5. 


Figure  1 1 :  Experimental  pressure  distribution  on  the  model 
of  Cases  6-8. 


Figure  12:  Velocity  vector  plot  in  the  £,  z  plane  for  the  con¬ 
ditions  of  Case  7;  X/C  =  0.2325,  Xw/ 60.99s  = 
1.202,  Re}  =  28. 


CAS  E-F(HZ) 


-  9-4000 

- 10-2000 


<P. 

degrees 


a£/2n 

Figure  13:  Velocity  vector  plot  in  the  £,  z  plane  for  the  con¬ 
ditions  of  Case  7;  XjC  =  0.3342,  Am/60.995  = 
2.830,  Rcf  =94. 
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Figure  16:  Wave  orientation  with  respect  to  the  streamline 
direction  for  Case  9  and  10  at  the  most  ampli¬ 
fied  frequency. 
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Figure  19:  Effect  of  curvature  on  spatial  amplification  rate 
for  Case  10  at  the  most  amplified  frequency. 


Figure  20:  Effect  of  curvature  on  N-factor  for  Case  9  and 
10  at  the  most  amplified  frequency. 
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Figure  21:  N-factor  distribution  comparing  compressible  the¬ 
ory  against  incompressible  theory  (both  includ¬ 
ing  the  curvature  terms)  for  Case  9  at  the  most 
amplified  frequency. 
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Abstract 

Preliminary  results  are  reported  from  flow  visualisation  studies  of  the  separated  shear  layers  on  slender  delta 
wings  in  air  at  Reynolds  numbers  from  3000  to  100,000  based  on  chord.  The  work  confirms  the  existence  of  a 
systematic  structure  in  the  shear  layer  parallelling  the  classic  instabilities  occurring  in  other  cases.  Both  quasi 
two-dimensional  instabilities  travelling  at  mean  flow  velocities  and  a  new  form  of  streamwise  instability,  believed 
to  result  from  curvature  of  the  vortex  sheet,  have  been  identified.  Both  instabilities  are  found  to  be  stabilised  by 
the  stretching  process  towards  the  centre  of  the  core.  For  the  case  studied  the  interaction  between  the  two 
instabilities  causes  the  vortex  sheet  to  become  turbulent  at  Reynolds  numbers  above  about  20,000  based  on  local 
chord.  Forced  response  studies  of  the  vortex  sheet  have  demonstrated  the  existence  of  new  mechanisms  for 
vortex  formation  in  the  shear  layer.  The  results  are  believed  to  be  relevant  to  more  complex  three  dimensional 
shear  layers,  and  have  implications  for  full  scale  flows  on  aircraft  at  high  angles  of  attack. 


1.  Introduction 

The  structure  of  the  shear  layer  in  the  separated  flow  over  a  slender  delta  wing  is  of  interest  both  in  its  own  right 
and  as  a  model  for  a  class  of  complex  separated  flows  dominated  by  vortex  effects.  On  a  highly  swept  leading 
edge  at  moderate  angles  of  attack  separation  occurs  in  the  form  of  a  vortex  sheet,  springing  from  the  leading 
edge,  which  rolls  up  into  a  tightly  wound  vortex  core.  On  wings  of  arbitrary  planform  the  vortex  structure  can 
be  complex,  but  for  a  delta  wing  the  flow  is  quasi  two  dimensional. 

The  vortex  dominated  structure  of  the  flows  over  slender  wings  was  recognized  from  an  early  stage,  and  has  been 
the  subject  of  several  attempts  at  theoretical  description,  of  which  perhaps  the  best  known  is  due  to  Mangier  and 
Smith  (1959).  This  theory,  and  others  which  both  preceded  and  followed,  treated  the  flow  as  essentially  inviscid; 
the  separated  flow  is  represented  by  a  vortex  sheet  and/or  concentrated  point  vortex,  with  shape  and  position 
determined  through  fluid  dynamic  conditions  on  the  sheet  together  with  a  Kutta  condition  at  the  leading  edge. 
This  model  applies  formally  at  Reynolds  numbers  which  are  sufficiently  high  for  convection  terms  to  dominate 
diffusive  terms.  Reasonable  comparison  with  experiment  has  been  demonstrated  for  such  models.  A  recent 
review  of  the  subject,  in  a  wider  context,  has  been  given  by  Smith  (1986). 

There  is  now  much  data  demonstrating  that  small  scale  visualisation  studies  of  the  flow  over  wings  with  sharp 
leading  edges  to  force  leading  edge  separation  can  assist  understanding  of  full  scale  effects,  eg  Lamar  (1988). 
Vortex  core  position  was  shown  to  be  independent  of  Reynolds  number  by  Lambourne  and  Bryer  (1961). 
Features  first  studied  in  the  laboratory  at  low  speed,  for  example  vortex  breakdown,  have  been  shown  to  recur  in 
flight  at  full  scale.  Comparisons  showing  additional  parallels  have  been  made  by  Campbell  et  al  (1988). 

In  recent  years  it  has  been  appreciated  that  inviscid  effects  also  dominate  the  instability  and  resulting  structure  of 
vortex  sheets.  This  is  discussed,  for  exrmple,  in  the  review  papers  of  Ho  and  Huerre  (1984),  and  Wygnanski  and 
Petersen  (1987).  Thus  inviscid  effects  are  predicted  to  control  the  detail  structure  of  the  flow  over  a  delta  wing 
for  both  the  vortex  core  and  the  feeding  vortex  sheet.  These  findings  are  of  considerable  comfort  to  the 
experimentalist,  since  they  suggest  that  studies,  and  in  particular  flow  visualisation  studies,  at  low  Reynolds 
number  can  give  useful  information  about  effects  at  full  scale,  both  for  gross  flow  features  and  also  for  more 
detail  elements. 

The  present  work  has  been  motivated  by  this  background.  Gad  el  Hak  and  Blackwelder  (1985)  demonstrated  in  a 
water  tank  test  that  the  feeding  vortex  sheet  springing  from  the  leading  edge  of  a  delta  wing  underwent  an 
instability  and  pairing  mechanism  which  parallelled  that  found  in  two  dimensional  shear  layers  eg  Winant  and 
Browand  (1974).  Because,  as  argued  above,  this  mechanism  is  likely  to  be  dominated  by  inviscid  effects  it  could 
well  carry  over  to  full  scale. 


In  addition  to  this  a  further  instability  has  been  observed  in  wind  tunnel  studies  of  the  vortex  core,  originally  by 
Aupoix  (1976),  and  more  recently  by  Payne,  Ng,  Nelson,  and  Schiff  (1988).  In  their  experiments  this  took  the 
form  of  a  steady  stable  cell  vortex  structure  inside  the  core.  However  these  workers  did  not  observe  the  Gad-el- 
Hak  and  Black  welder  results  -  and  vice  versa  .  Thus  shear  layer  instability  processes  are  far  from  understood. 
Note  also  that  these  are  different  mechanisms  from  the  well  known  vortex  core  breakdown  effects,  eg  Lambourne 
and  Bryer  (1961),  although  there  are  certainly  parallels  with  the  instabilities  found  in  the  two  dimensional 
unsteady  case  in  the  remarkable  photographs  of  Pierce  (1962). 

Shear  layer  instability  mechanisms  could  explain  the  structure  of  the  separated  flow  seen  in  flight  in  the  F  18 
example  illustrated  by  Campbell  et  al  (1988).  The  effects  would  lead  to  unsteady  loads  on  surfaces  in  proximity 
to  the  vortex,  and  thus  justify  further  study.  General  findings  would  well  carry  over  to  other  cases  of  high  angle 
of  attack  aerodynamics  which  are  now  such  an  important  part  of  combat  aircraft  design. 

A  second  motivation  of  the  work  has  been  the  recognition  that  the  flow  over  a  delta  wing  offers  an  excellent 
idealisation  for  more  complex  three  dimensional  separated  flows.  It  is  reasonable  to  expect  that  information  on 
this  case  would  provide  an  insight  into  more  involved  situations  such  as  separation  from  a  rounded  streamwise 
edge,  or  flow  in  trailing  vortex  sheets. 

The  present  work  has  been  undertaken  in  the  belief  that  flow  visualisation  should  be  used  not  merely  as  an  aid  to 
understanding,  but  as  a  measurement  technique  in  its  own  right.  This  approach  is  already  established  for  flows 
on  highly  swept  wings  for  the  determination  of  vortex  position,  and  vortex  breakdown  position.  Visualisation 
techniques  can  provide  information  about  the  whole  flow,  rather  than  the  part  of  the  flow  where  a  probe  is 
located,  and  are  thus  potentially  excellent  measurement  tools.  The  key  is  the  introduction  of  the  visualising 
medium  into  the  flow  at  the  best  location.  In  the  present  case  smoke  has  been  introduced  along  the  whole  leading 
edge  of  the  wing,  and  thus  is  swept  into  the  vortex  sheet,  enabling  direct  measurement  of  vortex  sheet  shape  and 
position.  The  investigations  reported  here  have  been  undertaken  at  speeds  where  the  flow  has  been  laminar  or 
transitional  in  nature.  It  has  been  found  that  this  regime  affords  several  additional  opportunities  for  using 
visualization  as  a  measurement  tool. 

2.  Current  Understanding  of  Vortex  Sheet  Instabilities 

Vortex  sheet  instabilities  are  a  popular  and  contentious  topic  of  current  aerodynamics.  The  present  description  is 
not  intended  to  provide  a  comprehensive  review;  this  task  has  already  been  effectively  undertaken  by  Ho  and 
Huerre  (1984),  and  Wygnanski  and  Petersen  (1987).  The  present  section  is  intended  simply  to  outline  the  key 
features  of  the  topic  relevant  to  the  present  work. 

It  has  already  been  mentioned  that  the  vortex  sheet  instabilities  are  dominated  by  inviscid  effects  of  the  type 
originally  investigated  by  Kelvin  and  Helmholtz.  There  have  been  many  papers  on  the  topic,  but  the  most 
significant  from  the  present  viewpoint  is  that  of  Michalke  (1965)  who  demonstrated  that  the  essential  features  of 
the  instability  process  could  be  related  to  spatially  growing  disturbances.  This  approach  gave  an  indication  of 
frequency  and  of  the  growth  of  the  disturbance,  including  an  indication  of  nonlinear  effects. 

It  has  long  been  recognized  that  a  shear  layer  would  be  unstable  to  virtually  all  wavelengths,  but  the  shear  layer 
does  have  a  critical  frequency  to  which  it  is  most  unstable.  A  discussion  and  appropriate  graphs  are  given  in  Ho 
and  Huerre  (1984).  For  frequencies  above  the  critical  frequency  the  phase  speed  of  the  disturbance  is  the  mean 
velocity  of  the  vortex  sheet,  so  that  disturbances  of  all  higher  frequencies  remain  locked  together.  This  has 
important  effects,  and  these  disturbances  tend  to  grow  into  discrete  vortices.  The  generation  of  vortices  in  a 
shear  layer  has  been  observed  by  many  investigators,  and  has  further  consequences. 

An  infinite  row  of  point  vortices  is  unstable  to  small  disturbances;  the  mode  of  instability  has  been  found  to  be  a 
motion  of  alternate  vortices,  which  leads  to  "vortex  pairing",  as  demonstrated  by  Winant  and  Browand  (1974). 
The  vortex  pairing  process  in  a  two  dimensional  shear  layer  is  then  repeated,  apparently  without  limit.  Winant 
and  Browand  (1974)  report  observing  up  to  eight  pairings,  limited  only  by  the  physical  dimensions  of  the 
apparatus.  Because  in  real  flow  there  are  always  other  potential  sources  of  instabilities  this  process  is  liable  to 
modification,  so  that  isolated  vortices,  vortex  tripling  etc  are  also  seen,  however  the  pairing  process  is 
characteristic. 

The  result  of  pairing  is  a  halving  of  the  fundamental  frequency  and  an  approximate  doubling  of  scale.  This 
results  in  a  doubling  of  the  thickness  of  the  shear  layer  so  that  the  new  frequencies  of  maximum  growth  are 
halved.  The  doubling  process  is  thus  self  perpetuating.  The  process  has  been  observed  in  shear  layers,  in  wakes, 
and  in  both  two-dimensional  and  axisymmetric  jets.  Gad  el  Hak  and  Blackwelder  (1985)  reported  the  effect  in 
the  feeding  vortex  sheet  of  a  delta  wing. 


Period  doubling  mechanisms  are  a  key  feature  of  modern  mathematical  approaches  to  chaotic  behaviour  as 
described  in  Landau  and  Lifshitz  (1987).  Feigenbaum  (1978)  showed  how  successive  period  doubling  leading 
ultimately  to  chaos  was  a  characteristic  of  a  wide  class  of  non-linear  systems.  Broadly  equivalent  behaviour  for 
the  transition  to  turbulence  has  been  demonstrated  in  several  simplified  models  of  the  Navier  Stokes  equations, 
and  generally  similar  mechanisms  have  been  shown  to  apply  experimentally  in  several  cases  of  fluid  instabilities,' 
eg  Hele-Shaw  convection,  Benard  cells,  and  Taylor-Couette  flows. 


The  Feigenbaum  model  has  many  attractions,  but  does  differ  in  key  respects  from  the  two  dimensional  instability 
process  described  above.  In  particular  the  geometric  progression  observed  in  the  Feigenbaum  class  of  processes 
does  not  apply.  The  naturally  developing  two  dimensional  cases  are  characterised  by  changes  of  scale  and 
frequency  which  appear  relentlessly  linear,  in  spite  of  the  massive  non-linearities  of  the  basic  phenomena  (except 
for  forced  transition  as  will  be  discussed  below).  Nevertheless  Feigenbaum  type  models  offer  possible  theories 
and  metrics  for  the  turbulence  process  in  three  dimensions. 

Forced  response  of  a  shear  layer  has  also  been  studied  by  many  workers,  although  as  pointed  out  by  Ho  and 
Huerre  (1984),  because  of  the  extreme  sensitivity  of  a  shear  layer  to  extraneous  perturbations  "natural  mixing 
layers  are  by  nature  excited  flows".  Ho  and  Huang  (1982)  investigated  the  response  of  a  shear  layer  to  excitation 
below  the  natural  peak  response  frequency,  and  found  that  the  layer  responded  to  the  higher  harmonics  of  the 
forcing  frequency  which  were  closest  to  but  less  than  the  natural  peak  frequency  of  response.  The  vortex 
merging  process  then  gave  rise  to  multiple  interactions  resulting  in  combined  vortices  at  the  forcing  frequency. 
There  seems  to  have  been  less  work  on  forcing  at  frequencies  higher  than  the  natural  response  frequency  of  the 
shear  layer. 

Wygnanski  and  Petersen  (1987)  argue  that  the  structural  and  other  features  observed  in  a  shear  layer  result  from 
amalgamations  of  non-linear  processes  and  that  "pairing"  features  as  such  require  further  substantiation.  They 
point  out  that  "  amalgamation  of  tagged  fluid  particles  does  not  necessarily  coincide  with  the  redistribution  of 
vorticity."  While  this  is  true,  it  is  also  the  case  that  a  redistribution  of  vorticity  does  often  occur,  as  is 
demonstrated  by  the  Wygnanski  and  Petersen  data.  Thus  it  seems  worthwhile  to  accept  pairing  as  a  helpful 
physical  description  of  the  characteristic  features  of  shear  layer  instability  processes.  Further,  as  pointed  out 
above,  such  mechanisms  may  also  lead  to  helpful  models  of  the  more  chaotic  flow  processes. 

Little  of  the  work  described  above  has  explicitly  considered  three  dimensional  shear  layers,  although  there  is  a 
body  of  work  on  jet  flows.  Thus  there  are  few  guidelines  on  the  nature  of  the  instability  process  under  these 
conditions.  An  important  feature  of  all  shear  layer  instabilities  is  that  the  initial  process  is  essentially  two 
dimensional,  the  classic  Kelvin-Helmholtz  response.  However  the  three  dimensional  effects  are  not  long  delayed. 
The  appearance  of  three  dimensional  effects  was  demonstrated  in  the  original  work  of  Brown  and  Roshko  (1974), 
and  discussed  theoretically  by  Pierrehumbert  and  Widnall  (1982).  The  latter  authors  suggest  that  the  two 
dimensional  instability  and  pairing  into  discrete  vortices  is  followed  by  an  instability  along  the  length  of  the 
vortices  with  wavelength  of  the  same  order  as  the  vortex  spacing.  Flows  with  induced  instabilities  of  this  type 
have  been  studied  by  Lasheras  and  Choi  (1988)  and  colleagues.  However,  these  flows  are  still  variations  on  a 
fundamentally  two  dimensional  theme,  and  do  not  address  directly  the  questions  resulting  from  an  initially  three- 
dimensional  form  of  the  shear  layer. 

Three-dimensional  shear  layers  occur  widely  in  aeronautics,  and  typically  result  in  a  rolled  up  vortex  sheet.  One 
important  feature  of  such  flows  is  the  stretching  of  the  vortex  sheet  as  it  is  swept  into  the  core.  Stretching  has 
been  demonstrated  to  be  stabilising  by  Moore  (1976).  Several  workers  eg  Pierrehumbert  and  Widnall  (1982),  have 
shown  that  the  induction  of  new  material  into  the  unstable  vortex  system  is  essential  to  growth,  so  that  it  might  in 
any  case  be  anticipated  that  instabilities  in  a  tightly  wound  vortex  sheet  would  be  unable  to  develop. 

As  has  already  been  mentioned,  both  Ho  and  Huerre  (1984),  and  Wygnanski  and  Petersen  (1987)  show  how  the 
basic  features  of  the  shear  layer  instability  process  are  dominated  by  inviscid  effects  and  are  thus  replicated  at 
high  Reynolds  number.  In  particular  the  basic  process  is  repeated  with  either  laminar  or  turbulent  shear  layers, 
as  shown  clearly  by  Brown  and  Roshko  (1974).  This  suggests  a  hierarchy  of  instability  and  pairing  processes,  and 
also  suggests  that  laboratory  experiments  have  much  to  offer  interpretation  of  full  scale  aerodynamics. 

3.  The  Present  Experiments 

The  work  was  carried  out  in  the  0.8m  x  0.6m  closed  return  wind  tunnel  at  the  University  of  Bristol.  The  tunnel 
has  been  specially  designed  with  a  contraction  ratio  of  12:1  to  produce  flow  of  low  turbulence,  and  a  turbulence 
level  <0.05%  is  achieved.  The  normal  working  range  of  the  tunnel  is  1  to  lOOm/s,  but  where  necessary  for  the 
present  work  a  lower  speed  was  obtained  by  inserting  a  high  blockage  (87%)  peg  board  immediately  behind  the 
working  section.  This  permitted  the  achievement  of  velocities  down  to  0.09m/s  in  the  working  section,  and 
retained  low  turbulence  (<0.1%),  albeit  with  some  flow  unsteadiness.  Flow  speeds  were  measured  with  a 
commercial  hot  wire  meter,  calibrated  against  a  vane  anemometer. 

The  models  used  consisted  of  delta  wings  of  70  and  80  degree  leading  edge  sweep  and  44.1cm  and  44.75cm  chord 
respectively.  The  wings  had  a  sharp  leading  edge  bevelled  at  20  degrees  on  the  underside.  Overall  thickness  was 
1.2  cm.  A  wing  was  mounted  on  a  parallel  arm  arrangement  so  that  incidence  could  be  easily  varied  from  outside 
the  tunnel.  The  same  mechanism  also  carried  the  camera  when  aligned  for  shots  looking  directly  up  the  wing. 

The  principal  flow  visualisation  medium  was  smoke,  formed  from  mineral  oil  drops  on  a  hot  plate.  The  smoke 
was  passed  up  a  tube  to  a  plenum  chamber  within  the  model  by  pressure  from  a  gas  bottle.  The  smoke  outlet  on 
the  model  was  a  slit  0.2mm  wide,  uniformly  machined  1mm  below  the  whole  leading  edge,  passing  into  the 
plenum  chamber.  By  this  means  a  uniform  sheet  of  smoke  was  introduced  almost  directly  into  the  vortex  sheet 
leaving  the  leading  edge.  For  certain  tests,  to  be  described  later,  the  smoke  supply  was  blocked  off  at  regular 
intervals  down  the  leading  edge  with  masking  tape.  Testing  by  introduction  of  excessive  smoke  demonstrated  that 
there  was  no  observable  distorting  effect  on  the  flow  under  nearly  all  circumstances.  The  exception  was  at  very 
low  speeds  (  <0.1  m/s  ),  when  reduced  smoke  levels  were  used  to  avoid  flow  disturbance. 
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The  flow  was  illuminated  with  a  variety  of  sources.  An  Argon  Ion  Laser  (nominally  5  watts)  operating  in  all  lines 
mode  at  around  8  watts  was  used  to  produce  a  light  sheet  via  a  small  cylindrical  lens.  An  optical  bench  set  up 
provided  beam  steering  to  achieve  a  light  sheet  of  specific  height  and  chordwise  position.  The  light  sheet  could 
also  be  placed  at  a  prescribed  angle  of  incidence  in  the  tunnel,  and  for  the  majority  of  the  work  was  inclined  at 
90  degrees  to  the  wing  surface.  Flash  and  flood  light  was  also  used,  along  with  stroboscopic  illumination. 

Photography  was  accomplished  with  a  variety  of  cameras,  principally  an  Olympus  35mm  camera  with  motor  drive. 
Most  of  the  laser  pictures  have  been  taken  at  an  exposure  of  1/2000  sec  at  F3.5  on  Kodak  T-Max  film  (  400  ASA 
developed  to  produce  3200  ASA  ).  Some  cine-photography  was  also  undertaken.  The  tunnel  was  liberally 
provided  with  windows,  so  that  views  could  be  taken  from  above  or  to  the  side  of  the  model.  For  the  laser  light 
sheet  work  the  camera  was  positioned  on  the  axis  of  the  model  within  the  wind  tunnel  on  an  extension  to  the 
parallel  arm  mechanism.  This  enabled  undistorted  pictures  of  the  flow  to  be  taken  and  thus  permitted 
measurements  to  be  taken  from  the  photographs. 

For  some  of  the  experiments  the  flow  was  excited  with  a  loud  speaker  mounted  in  the  tunnel  wall  downstream  of 
the  model.  Sound  power  was  measured  with  a  microphone  in  the  test  section.  Limited  hot  wire  measurements 
have  also  been  made  using  commercial  equipment.  Because  of  the  low  speed  of  the  present  experiments,  in  the 
strongly  non-linear  response  regime  of  the  hot  wire,  high  accuracy  of  the  hot  wire  measurements  cannot  be 
expected. 

4.  Initial  Results 

Figures  1  and  2  show  typical  laser  light  sheet  visualizations  of  the  vortex  sheet  at  various  speeds  at  the  two 
conditions  principally  used  in  the  present  tests.  Figure  1A  shows  the  flow  at  75%  chord,  the  remainder  of  the 
photographs  were  taken  at  66%  chord.  It  can  be  seen  that  at  the  lowest  speeds  the  flow  is  highly  stable,  but 
undergoes  increasing  unsteadiness  leading  eventually  to  turbulence  as  speed  is  increased. 

The  initial  work  of  the  present  experiments  involved  measurement  of  vortex  sheet  parameters  directly  from  the 
flow  visualisation  measurements.  It  was  demonstrated  that  the  vortex  core  positions  were  consistent  with  results 
found  by  previous  workers.  Because  the  results  from  this  first  phase  of  the  tests  are  only  of  secondary  interest  to 
the  subject  of  the  meeting  they  will  be  reported  in  detail  elsewhere,  however  a  summary  of  the  findings  of 
special  relevance  to  the  present  discussion  is  necessary. 

At  the  lowest  speeds  tested  the  flow  is  well  into  the  laminar  regime,  so  that,  although  the  streamlines  defined  by 
the  smoke  particles  in  Figs  1A,2A  are  clear,  it  is  probable  that  laminar  diffusion  of  momentum  is  controlling 
much  of  the  flow  field.  The  measured  results  under  these  conditions  showed  variations  from  previous  data.  In 
particular  it  was  found  that  there  was  no  stretching  within  the  vortex  core.  The  stretching  of  the  vortex  sheet 
occurred  before  the  wrapping  process,  with  velocities  in  the  core  being  essentially  constant,  and  the  streamlines 
being  cylindrical  spirals.  These  can  be  seen  in  Figure  3  by  following  the  "antismoke"  gaps  in  the  feeding  sheet 
formed  by  blocking  the  smoke  supply  locally  at  the  leading  edge. 

5.  Vortex  Sheet  Instabilities 

Instabilities  in  the  shear  layer  leaving  the  leading  edge  of  a  delta  wing  were  first  observed  by  Gad-el-Hak  and 
Blackwelder  (1985)  who  found  the  instability  to  appear  in  the  form  of  lines  parallel  to  the  leading  edge.  They 
also  found  that  these  instabilities  combined  into  vortices  through  a  pairing  mechanism  essentially  equivalent  to 
that  observed  on  other  vortex  sheet  cases,  as  discussed  in  Section  2  above.  In  addition  to  this  a  further  instability 
in  the  form  of  a  steady  stable  cell  vortex  structure  inside  the  core  has  been  observed  by  Aupoix  (1976),  and  by 
Payne,  Ng,  Nelson,  and  Schiff  (1988). 

The  initial  experiments  confirmed  the  instabilities  observed  by  Gad-el-Hak  and  Blackwelder  (1985).  The  effect  is 
shown  in  Figure  5.  This  is  a  flash  photograph  of  the  flow,  in  which  the  vortex  sheet  instability  forming  lines 
parallel  to  the  leading  edge  can  be  clearly  seen.  There  are  always  questions  about  the  interpretation  of  smoke 
packets  under  such  conditions,  as  pointed  out  by  Wygnanski  and  Petersen  (1987),  but  the  present  striations  seem 
most  reasonably  interpreted  at  an  instability  growing  into  a  vortex.  Some  of  the  evidence  for  this  is  the  clear 
vortex  structure  seen  in  the  Laser  light  sheet  photographs  eg  Fig  IB. 

The  frequency  of  the  vortex  formation  is  the  same  as  the  original  instability,  but  the  individual  vortices  soon 
undergo  pairing.  A  second  pairing  is  also  observed  at  tunnel  speeds  above  0.25m/s.  The  overall  effect  on  the 
flow  can  be  seen  in  Fig  6.  The  actual  pairing  process  has  been  found  to  be  highly  complex,  as  in  other  examples 
of  the  mechanism  eg  Winant  and  Browand  (1974). 

In  the  present  case  the  leading  edge  has  identical  geometry  over  its  whole  length.  Conical  flow  ensures  that  the 
velocity  is  uniform  at  the  leading  edge.  Thus  the  vortex  sheet  conditions  are  uniform  along  the  whole  leading 
edge,  and  a  uniform  instability  parallel  to  the  leading  edge  is  not  unreasonable,  particularly  in  view  of  the 
dominant  nature  of  the  two  dimensional  instability  already  discussed.  However  after  leaving  the  leading  edge  the 
vortex  sheet  rolls  up  proportionally  more  quickly  towards  the  apex  because  of  the  absolute  scale.  It  appears  that 
this  vortex  stretching  and  roll  up  process  has  a  strong  stabilising  effect  on  the  flow  and  inhibits  the  pairing 
mechanism.  This  is  consistent  with  the  theoretical  suggestions  of  Moore  (1976).  Thus  towards  the  apex  the  initial 
smoke  distortions  due  to  the  instability  process  only  are  swept  into  the  core.  Further  down  the  wing  the  results 
of  one  pairing  are  stabilised,  while  still  further  down  the  wing  the  vortex  sheet  is  frozen  at  two  pairings  as  it  is 
swept  into  the  core. 


The  result  may  be  observed  by  referring  back  to  Figure  4,  in  which  the  internal  structure  of  the  core  can  be 
clearly  seen.  Note  that  the  innermost  parts  of  the  roiled  vortex  sheet  show  a  regular  small  scale  spiral  structure  in 
the  smoke.  Moving  out  one  turn  it  can  be  seen  how  the  structure  is  now  at  double  the  original  spacing,  while  on 
the  outermost  parts  of  the  vortex  sheet  the  spacing  is  at  four  times  the  inner.  It  can  also  be  seen  that  this  outer 
spacing  corresponds  to  that  of  the  concentrated  vortices  entering  the  core.  The  effect  is  not  entirely  uniform,  and 
it  can  be  seen  how  some  vortices  in  the  intermediate  layers  have  escaped  pairing  and  remain  as  singletons. 
Subsequently  these  would  give  rise  to  triplets.  This  result  is  exactly  parallel  to  that  found  by  Winant  and 
Browand,  and  is  explained  in  terms  of  the  highly  unstable  nature  of  the  vortex  sheet,  which  will  react  strongly  to 
any  destabilising  input. 

Figure  7  gives  another  view  of  the  process.  Here  the  pairing  process  can  be  seen  at  work  in  the  feeding  vortex 
sheet.  This  can  be  recognised  by  the  bifurcation  of  the  vortices  as  they  are  swept  over  the  core.  This  is  due  to 
the  pairing  process  being  completed  towards  the  trailing  edge  but  inhibited  by  the  stretching  and  convection 
towards  the  apex.  Another  insight  into  the  process  can  be  found  by  referring  back  to  Fig  IB.  There  the  form  of 
the  vortex  after  stretching  and  convection  into  the  core  can  be  seen.  The  stretching  process  has  been  substantial 
and  has  destroyed  any  coherent  vortex  structure. 

Gad-el-Hak  and  Blackwelder  found  the  vortex  sheet  instability  to  be  associated  with  a  frequency  which  varied 
with  speed.  In  the  present  experiments  it  was  initially  found  that  the  forcing  frequency  was  constant.  This  was 
subsequently  traced  to  the  effects  of  out  of  balance  forces  on  a  tunnel  cooling  fan  causing  vibrational  input  to  the 
model.  With  this  disturbance  removed  the  flow  was  found  to  be  highly  sensitive  to  disturbances,  even  the  noise 
of  a  remote  door  closure.  This  is  not  surprising  as  many  investigators  have  found  that  the  vortex  sheet  is  unstable 
to  a  wide  range  of  frequencies,  and  to  remarkably  small  levels  of  vibrational  input.  Ho  and  Hucrre  (1985)  point 
out  that  shear  layers  can  be  manipulated  effectively  with  0.01  to  0.1%  of  free  stream  velocity. 

Thus  for  the  initial  part  of  the  work  reported  here  the  shear  layer  was  forced  at  a  fixed  frequency.  The  50  Hz 
forcing  frequency  of  the  cooling  fan  proved  convenient.  Use  of  a  fixed  frequency  has  led  to  a  series  of  further 
findings.  Since  the  initial  vortex  sheet  instability  is  convected  into  the  vortex  core  the  same  frequency  is  also 
associated  with  the  smoke  concentrations  that  can  be  seen  in  Figs  5,6,7.  Stroboscopic  analysis  has  demonstrated 
that  the  whole  of  the  associated  internal  structure,  even  in  the  wake,  is  locked  to  the  same  frequency. 

These  observations  allow  direct  measurement  of  flow  velocities  within  the  vortex  core  via  measurement  of  the 
separation  of  the  structures  within  it.  The  establishment  of  a  fixed  frequency  for  the  internal  structures  within 
the  flow  permits  flow  velocity  information  to  be  derived  by  measurements  of  structure  dimension  from  the 
photographs.  This  approach  is  particularly  well  matched  to  tightly  wound  vortex  sheets,  and  could  be  extended 
without  difficulty  to  the  case  of  vortex  breakdown.  The  method  is  able  to  give  velocity  results  in  the  vortex 
core,  but  is  more  difficult  to  use  in  the  feeding  vortex  sheet.  Work  on  this  will  also  be  reported  in  a  later  paper. 

6.  Forced  Response  Measurements 

Once  the  forced  response  nature  of  the  present  experiments  became  clear  it  was  natural  to  extend  the  work  to 
examine  the  nature  of  the  flow  under  controlled  forcing.  A  loudspeaker  mounted  downstream  of  the  model 
driven  by  a  sinusoidal  oscillator  was  used  as  the  excitation  source.  Note  that  in  all  cases  acoustic  wavelengths  are 
long  compared  to  model  size.  Even  at  a  typical  high  frequency  of  60Hz,  wavelengths  are  still  around  6m.  Thus 
the  excitation  produces  a  uniform  disturbance  in  phase  over  the  whole  area  of  the  wing. 

Tunnel  resonances  were  found  at  frequencies  of  15Hz  and  its  hi.  .. ionics,  but  these  had  no  observed  effect  beyond 
raising  the  working  section  sound  level  for  a  fixed  loudspeaker  setting  and  could  thus  be  calibrated  out. 

Background  noise  levels  in  the  laboratory  at  these  low  frequencies  were  high,  even  though  all  relevant  results 
were  taken  at  night  or  weekends.  Typical  octave  band  readings  in  the  working  section  are  listed  in  Table  1. 
However  these  readings  are  representative  only;  fluctuations  of  lOdB,  and  occasionally  even  20dB,  in  Overall 
(Linear)  Sound  Pressure  Level  were  observed,  with  no  apparent  or  audible  source.  It  must  be  anticipated  that  the 
shear  layers  would  respond  to  such  fluctuations 


Octave  Band  Hz  31.5  63  125  250  500  1000  2000  4000  8000  16000  OAL 

SPL  dB  85  72  63  59  53  45  35  32  28  28  93 

Table  1  Octave  Band  Sound  Pressure  Levels  in  Working  Section 


The  first  measurement  to  be  undertaken  was  the  apparent  "natural  frequency"  of  the  shear  layer.  This  was  done 
using  a  stroboscope  to  observe  the  frequency  of  vortex  formation.  It  was  found  that  frequencies  could  be  found 
with  reasonable  repeatability  by  this  method,  but  the  high  levels  of  background  noise  inevitably  cast  some  doubt 
on  the  measurements,  and  sometimes  gave  rise  to  spurious  results. 
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Free  Stream  Velocity  m/s  0.22  0.33  0.44  0.55 

Observed  Frequency  Hz  16.3  20.0  23.3  25.3 

Table  2:  Natural  Frequencies  of  Vortices  Leaving  Shear  Layers 


A  plot  of  these  figures  shows  a  half  power  law,  following  that  found  by  Gad-el-Hak  and  Blackwelder.  In  the 
present  case  of  a  70°  delta  at  20°  angle  of  attack  the  formula  is: 

fQ.c/U  =  2577  Re  -0,5 

where  Re  is  based  on  free  stream  velocity  and  chord.  The  result  may  be  compared  to  that  of  Gad-el-Hak  and 
Blackwelder  for  a  60°  delta  at  15°  angle  of  attack: 

f0.c/U=  1625  Re-0*5 

The  agreement  in  trend  and  numerical  value  is  encouraging,  although  perhaps  somewhat  fortuitous  given  the  high 
level  of  background  noise  in  the  present  tests.  It  should  also  be  noted  that  in  both  cases  the  frequency  of 
formation  of  the  vortices  is  measured.  This  is  not  necessarily  the  same  as  the  instability  frequency  of  the  shear 
layer.  This  point  will  be  taken  up  further  below. 

Having  established  the  "natural"  response  of  the  vortex  sheet  an  initial  series  of  experiments  have  been  undertaken 
on  the  forced  response.  A  sound  pressure  level  of  lOOdB  was  selected.  This  corresponds  to  a  peak  fluctuation 
velocity  of  0.007  m/s,  ie  around  1  to  3%  of  free  stream  velocity.  This  level  was  found  to  give  clear  forcing  at  all 
speeds  without  excessive  input,  and  was  normally  above  the  level  of  the  spontaneous  external  fluctuations  already 
described. 

As  found  in  other  experiments  with  shear  layers  the  imposition  of  forcing  caused  a  clear  regularisation  of  the 
flow.  In  the  present  experiments  the  stroboscope  was  locked  to  the  forcing  frequency  to  give  clear  visual 
indications  of  the  effects. 

At  low  frequencies  pairing  was  generally  inhibited.  In  particular  no  effect  has  been  found  corresponding  to  the 
Ho  and  Huang  (1982)  higher  harmonic  response  described  in  section  2  of  this  paper.  Rather  surprisingly,  a 
virtually  inverse  result  has  been  noted  in  the  photographs  of  the  forced  flow  at  high  frequencies,  for  example  Fig 
8. 

This  set  of  flash  photographs  shows  the  flow  at  0.33  m/s  under  different  forcing  frequencies.  The  initial 
photograph  in  this  series  is  under  unforced  conditions,  taken  during  a  local  minimum  in  the  measured  tunnel 
noise  (  <  90  dB).  There  is  comparatively  little  activity  in  the  shear  layer,  but  strong  vortices  form  as  the  sheet 
starts  to  accelerate  around  the  core.  In  contrast  at  low  frequencies  eg  10Hz  the  vortex  response  is  at  the  forcing 
frequency.  (This  leaves  open  the  possibility  that  a  high  wavelength  shear  layer  response  not  visible  on  the 
photograph  is  resulting  in  a  "collective  interaction"  at  the  forcing  frequency  as  described  by  Ho  and  Huang,  even 
though  the  apparent  natural  frequency  of  vortex  formation  (cf  Table  2)  is  20  Hz.)  At  all  higher  frequencies  up  to 
60  Hz  the  shear  layer  still  responds  at  the  input  frequency.  This  is  known  from  stroboscopic  observation  of  the 
stabilised  shear  waves  convected  into  the  vortex  core  from  the  forward  part  of  the  wing.  At  the  lower 
frequencies  the  response  is  directly  in  the  form  of  strong  vortices,  but  at  higher  frequencies  eg  60  Hz  the 
response  is  observed  as  a  series  of  waves  in  the  vortex  sheet.  However  at  the  highest  frequencies  these  waves 
collect  into  a  large  scale  vortex.  This  occurs  after  8  or  9  wavelengths  for  60  Hz  excitation  but  after  about  4 
wavelengths  for  intermediate  frequencies  at  30Hz.  Comparing  these  two  cases  it  can  be  seen  that  the  effect  of 
increasing  forcing  frequency  is  to  reduce  the  frequency  of  passage  of  the  large  vortices  around  the  core. 

Essentially  equivalent  results  have  been  observed  at  other  speeds  and  frequencies,  but  more  detailed  study  is 
required  to  provide  full  information  on  the  phenomenon.  Comparison  of  the  forced  and  unforced  cases  suggests 
that  the  natural  formation  process  for  the  vortices  results  in  spacings  similar  to  that  for  the  high  frequency  case. 
This  would  suggest  that  the  low  frequency  forcing  is  resulting  in  vortex  formations  which  depart  from  the  norm, 
while  the  higher  frequency  forcing  returns  to  the  norm.  It  also  appears  that  the  "collective  interaction" 
mechanism  noted  by  Ho  and  Huang  for  higher  harmonic  response  may  recur  in  other  guises  when  the  shear  layer 
is  forced  above  its  natural  frequency. 

A  different  perspective  on  the  processes  comes  from  the  laser  light  sheet  visualisation  in  Fig  9.  Although  the 
forcing  in  this  case  is  at  the  apparent  natural  frequency  as  measured  stroboscopically,  forcing  has  a  strong 
regularising  effect.  The  causes  of  this  require  further  study.  The  vortex  interaction  processes  in  this  picture  are 
of  interest.  On  the  left  hand  vortex  the  sequence  of  regular  vortices  progressing  up  the  sheet  is  interrupted  after 
about  four  wavelengths,  where  it  appears  that  some  form  of  amalgamation  is  taking  place.  The  vortex  line  on  the 
right  hand  vortex  proceeds  a  little  further.  But  in  either  case  it  can  be  seen  that  the  acceleration  of  the  vortices 
around  and  into  the  vortex  core  causes  substantial  stretching  and  distortion.  A  complex  process  of  both 
amalgamation  and  stretching  occurs  as  the  leading  edge  vortex  sheet  wraps  around  the  core. 

Gad-el-Hak  and  Blackwelder  (1987)  have  studied  a  forced  vortex  sheet  case  on  a  60°  delta  wing.  They  used  a 
square  wave  pulsed  dye  supply  with  peak  injection  speeds  at  the  dye  slot  of  up  to  twice  free  stream  velocity. 
They  found  substantial  changes  to  the  vortex  sheet  structure,  but  do  not  offer  any  data  which  can  be  used  to 
assist  explanation  of  the  present  case. 
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7.  Experiments  at  Higher  Speeds 

The  initial  experiments  reported  above  were  undertaken  at  low  speeds  (3000  <  Re  <  20,000)  in  order  to  give 
laminar  flow  in  the  vortex  sheets.  The  low  tunnel  speeds  were  achieved  by  introducing  blockage  in  the  wind 
tunnel.  It  has  been  found  that  at  higher  speeds  say  above  0.5m/s  the  results  were  sensitive  to  the  blockage,  and 
tests  without  the  blockage  at  higher  speeds  have  revealed  new  results. 

The  basic  phenomena  are  illustrated  in  the  sequence  of  pictures  in  Figure  10.  At  the  lowest  speeds  the  vortex 
sheet  can  be  seen  to  leave  the  edge  smoothly,  but  it  then  undergoes  two  instabilities.  One  is  a  leading  edge 
instability  of  the  type  already  studied  in  this  paper,  however  the  more  obvious  component  is  a  streamwise 
instability  in  which  the  smoke  is  drawn  together  in  a  series  of  strands  in  the  direction  of  the  local  streamlines, 
rather  like  tassels  at  the  end  of  a  carpet.  This  phenomenon  is  remarkably  strong  and  was  unaffected  by  the 
presence  of  the  interrupted  smoke  -  for  clarity  the  smoke  was  not  interrupted  in  the  present  photographs.  These 
strands  are  also  stabilised  when  they  are  swept  into  the  vortex  core  so  that  a  spiral  smoke  pattern  again  appears  in 
the  core.  However,  since  the  pattern  is  now  along  streamlines  it  is  steady,  so  that  a  steady  pattern  occurs  within 
the  vortex  core.  This  has  already  been  illustrated  in  Figures  1C,  2C.  The  interaction  between  these  two 
instabilities  will  be  discussed  later. 

A  further  view  of  the  process  can  be  seen  in  the  laser  light  sheet  slices  parallel  to  the  cores  in  Figure  11.  These 
show  that  the  streamwise  lines  of  the  tassel  instability  develop  a  vortex-like  form,  although  in  this  case  the 
reservations  of  Wygnanski  and  Petersen  (1987)  about  the  interpretation  of  marked  particle  traces  have  more  force. 
The  tassel  features  are  essentially  steady,  and  were  visualised  with  long  exposures  (typically  1  /30th  sec).  Under 
certain  circumstances  these  vortex  structures  can  be  large,  and  the  examples  of  laser  light  sheet  sections  of  such 
cores  at  90°  to  the  wing  given  in  Figures  1  and  2  demonstrate  how  the  vortex  core  under  these  circumstances 
consists  of  a  number  of  steady  cells.  These  confirm  the  results  first  shown  by  Aupoix  (1978)  and  Payne  et  al 
(1988).  However  the  visualisation  technique  used  in  the  present  case  demonstrates  clearly  that  the  source  of  the 
cells  is  a  locally  streamwise  instability  of  the  feeding  vortex  sheet. 

At  the  lowest  speeds  of  the  present  tests  without  blockage  (0.8m/s)  the  tassel  structure  of  the  vortex  sheet  extends 
over  the  majority  of  the  wing,  with  a  turbulent  region  induced  near  the  trailing  edge.  As  speeds  increases  the 
feeding  vortex  sheet  undergoes  transition  to  turbulence  successively  closer  to  the  apex.  Under  these  conditions, 
clearly  visible  in  the  two  intermediate  speed  cases  of  Fig  11,  the  vortex  core  structure  fed  by  the  upstream  sheet 
remains,  surrounded  by  a  turbulent  sheath.  This  was  the  condition  observed  in  the  tests  by  the  previous  workers. 
The  distortion  of  the  tassel  instabilities  within  the  core  may  also  be  observed.  As  in  the  case  of  the  leading  edge 
instabilities  discussed  earlier  the  stretching  and  distortion  process  causes  a  remnant  instability  to  be  convected  into 
the  core. 

Figure  10  demonstrated  that  there  were  two  instabilities  present  in  the  flow.  The  instabilities  parallel  to  the 
leading  edge  are  swept  around  the  core  along  the  streamline  paths  laid  down  by  the  tassel  instability,  and  appear 
to  be  the  basic  cause  of  transition  to  turbulence  in  the  vortex  sheet.  The  precursor  to  the  fully  turbulent  region 

can  be  seen  to  be  the  appearance  of  "puffs"  of  smoke  which  clearly  correlate  with  the  interaction  with  leading 

edge  instabilities.  This  can  be  seen  in  the  expanded  views  shown  in  Figure  10B.  Thus  the  interaction  of  the 
leading  edge  instability  with  the  tassel  instability  appears  to  play  an  important  role  in  the  transition  process  in  this 
case. 

Careful  inspection  of  the  flow  suggests  that  the  inflexed  shape  of  the  vortex  formed  from  the  leading  edge 
instability,  visible  in  the  side  views  of  Fig  10,  may  be  due  to  the  change  in  the  vortex  pairing  mechanisms  at 
differing  stations  down  the  wing,  rather  than  changes  in  local  velocity.  However  no  data  is  available  at  this  time 
to  provide  explicit  guidance  on  this  point. 

The  photographic  data  has  been  used  to  give  an  indication  of  the  location  of  transition  to  turbulence  for  the  80° 
wing  at  30°  angle  of  attack'  Data  are  given  in  Fig  12.  The  results  are  based  on  estimates  from  both  side  and 

overhead  views  of  the  flows,  and  involve  subjective  judgement  of  the  position  at  which  "transition"  can  be  said  to 

have  occurred.  A  line  at  Re=20,000  is  also  shown.  Although  there  is  scatter  in  the  results  the  line  appears  to 
represent  the  trend  acceptably. 

The  flow  in  the  present  case  was  found  to  be  astonishingly  sensitive  to  disturbance.  Response  was  noted  to  the 
sound  of  the  camera  motor  drive,  to  the  stroboscope  fan  outside  the  tunnel,  and  to  the  sound  of  the  wind  tunnel 
motor  control  system.  Even  a  tap  on  the  tunnel  wall  would  induce  upstream  movement  of  the  transition  to 
turbulence  in  the  vortex  sheet  of  around  half  the  distance  to  the  apex.  The  effect  is  equivalent  to  the  well  known 
"sensitive  flame". 

This  observation  helps  to  explain  why  the  effects  were  not  seen  in  this  form  in  the  low  speed  cases  where 
blockage  was  present.  Under  these  conditions  the  increased  sound  output  of  the  wind  tunnel  motor,  possibly 
combined  with  additional  levels  of  free  stream  turbulence,  would  be  enough  to  trip  the  whole  vortex  sheet  to 
turbulence.  This  point  has  obvious  morals  for  other  experimenters  in  the  area. 
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It  may  be  noted  that,  with  the  benefit  of  hindsight,  the  tassel  instability  of  the  vortex  sheet  can  also  be  observed 
in  the  visualisations  in  the  Ph.D.  Thesis  by  Payne  (1987)  which  was  the  source  of  the  clear  cell  pictures  already 
discussed.  The  detail  effects  described  above  do  not  appear  to  be  have  been  commented  on  specifically  in  that 
work,  but  it  would  have  been  difficult  to  be  certain  of  the  effects  from  the  external  smoke  injection  method  used 
in  those  tests.  Payne,  Ng,  Nelson,  and  Schiff  (1988)  remark  on  the  possible  generation  of  the  cells  from  a 
Kelvin-Helmholtz  instability  in  the  feeding  vortex  sheet,  and  in  an  earlier  preprint  version  of  the  paper  link  this 
to  the  Gad-el-Hak  and  Blackweider  observations.  However  it  can  now  be  seen  that  the  two  instabilities  are 
distinct. 

Even  fully  turbulent  structures  are  shaped  by  the  tassel  instability.  This  effect  can  be  seen  in  Fig  13  which  was 
taken  with  the  tunnel  blockage  in  place  thereby  inducing  turbulence  in  the  vortex  sheet  at  an  early  stage.  The 
clarity  of  the  photographs  is  lower  than  desirable,  but  they  are  of  particular  interest  since  they  record  the  same 
flow  under  two  different  exposures,  thus  revealing  the  leading  edge  instabilities  at  the  shorter  exposure,  and  S 
shaped  turbulent  structures  following  the  tassel  instability  form  in  the  longer  exposure  photograph.  Similar 
patterns  have  been  observed  in  flight  by  Campbell  et  al  (1988),  who  has  already  pointed  out  the  relation  of  his 
results  to  the  flow  visualisations  of  Payne  et  al  (1988).  Since  a  large  class  of  instabilities  have  been  shown  to  be 
dominated  by  inviscid  effects  it  would  seem  that  the  tassel  instability  observed  in  the  present  experiments  is  a 
reasonable  candidate  mechanism  to  explain  these  full  scale  results. 

Squire,  Jones  and  Stanbrook  (1961)  inferred  the  existence  of  streamwise  vortices  in  separated  vortex  sheets  on  a 
delta  wing  during  wind  tunnel  tests  at  Mach  numbers  up  to  2.0.  They  were  not  able  to  observe  the  vortices 
directly  from  vapour  screen  visualisations,  and  relied  on  the  evidence  of  surface  flow  patterns.  This  result, 
particularly  when  combined  with  the  pressure  measurements  of  Payne  (1987)  which  show  the  existence  of  pressure 
variations  in  the  vortex  core  correlating  with  the  cell  structure,  suggests  that  the  effects  at  full  scale  could  include 
local  spatial  variation  of  the  surface  pressures. 

A  preliminary  set  of  experiments  has  also  been  carried  out  on  the  response  of  the  higher  Re  flows  without  tunnel 
blockage  to  forced  vibration.  The  results  have  proved  highly  complex,  and  only  an  initial  description  will  be 
given  here.  It  will  be  recalled  that  these  flows  were  found  to  be  extremely  sensitive  to  disturbance.  Surprisingly, 
it  has  been  found  that  sinusoidal  acoustic  excitation  did  not  have  a  strong  tendency  to  cause  transition  to 
turbulence.  Rather  the  flow  responded  in  an  orderly  and  repeatable  fashion. 

A  set  of  photographs  indicating  this  response  is  given  in  Fig  14.  These  photographs  were  taken  as  time  exposures 
under  stroboscopic  lighting  locked  to  the  forcing  input.  The  vortex  paths  therefore  represent  lines  of  constant 
phase  in  the  response.  At  the  conditions  shown  the  variation  in  response  of  the  sheet  is  remarkable.  The  forward 
part  responds  in  a  comparatively  uniform  manner,  similar  to  that  observed  in  the  lower  Re  cases  described  in 
Section  7.  However  at  some  chordwise  position,  dependent  on  frequency  and  velocity,  the  vortex  paths  may  arch 
towards  the  wing.  This  is  followed  by  a  response  in  which  the  vortex  paths  remain  parallel  to  the  leading  edge, 
and  finally  by  a  more  turbulent  region  in  which  it  is  frequently  possible  to  identify  higher  harmonic  response. 

It  may  be  observed  in  Fig  14  that  small  proportional  changes  of  frequency  cause  major  changes  in  the  form  of  the 
response.  The  chordwise  position  of  the  major  changes  in  structure  is  close  to  the  position  of  transition  in  the 
sheet  for  the  test  velocity  for  this  case.  It  therefore  appears  that  the  arching  effects  are  related  to  the  sheet 
transition  processes.  The  second  uniform  length  of  vortex  sheet  appears  to  correspond  to  a  stabilisation  of  the 
flow  by  the  forcing  input,  while  the  final  part  of  the  flow  represents  the  case  where  the  forcing  is  not  enough  to 
stabilise  the  flow.  This  set  of  interpretations  is  both  preliminary  and  speculative.  However  it  appears  that  the 
delta  wing  vortex  sheet  offers  an  interesting  experimental  configuration  for  the  examination  of  the  three- 
dimensional  shear  layer  transition  process,  results  from  which  could  be  applied  to  other  shear  layers  of  practical 
interest. 

8.  Discussion 

Tiic  present  experiments  on  delta  w.r.gs  ha.c  demonstrated  that  there  are  two  separate  instability  processes  at 
work  in  the  shear  layer.  The  first  is  a  two-dimensional  classical  Kelvin-Helmholtz  shear  layer  instability  forming 
vortices  parallel  to  the  leading  edge,  which  are  convected  around  and  into  the  vortex  core.  The  second  is  the 
formation  of  streamwise  vortices.  This  mechanism  is  similar  to  that  observed  in  many  other  flows.  Several  of 
these  were  described  in  section  3  of  this  paper.  As  in  all  cases  known  to  the  writer,  the  essential  nature  of  the 
transition  to  turbulence  is  three  dimensional,  with  two  clearly  separable  instabilities  joining  to  form  the  final 
breakdown. 

Previous  studies  of  shear  layer  instabilities  have  been  of  a  two  dimensional  case.  In  such  cases,  to  quote 
Pierrehumbert  and  Widnall  (1982),  "the  three  dimensional  instabilities  are  involved  in  the  generation  of  small  scale 
erratic  flow,  but  do  not  destroy  the  large  scale  coherent  structures."  But  in  the  present  case  the  more  significant 
feature  of  the  flow,  and  that  which  controls  the  large  scale  structure,  is  the  streamwise  instability.  Thus  there  is 
a  significant  difference  between  the  results  of  present  case  and  those  studied  before. 

The  critical  difference  appears  to  lie  in  the  curvature  of  the  flow.  The  streamwise  instabilities  have  clear 
similarities  to  Taylor-Couette  flows.  In  both  cases  the  streamwise  structures  appear  in  advance  of  the  transition 
process.  The  effect  of  streamwise  structure  appearing  before  transition  is  also  a  feature  of  many  boundary  layer 
flows  with  curvature,  eg  Gortler  vortices.  There  is  a  strong  parallel  between  transition  in  the  present  case  with 
the  three  dimensional  boundary  layer  transition  on  a  spinning  disc  Gregory,  Stuart,  and  Walker  (1955),  and  on 


spinning  cones  and  spheres  in  the  series  of  studies  by  Kohama  and  his  co-workers  cf  Kohama  (1985).  In  all  these 
cases  strong  streamwise  structures  appear  ir.  the  flow,  and  transition  is  marked  by  the  appearance  of  linked 
breakdown  events  in  each  streamwise  structure. 

In  the  same  way  the  classical  Tollmien-Schlichting  waves  of  the  two  dimensional  boundary  layer  erupt  into 
turbulence  via  a  locally  three  dimensional  event  which  may  be  reasonably  compared  to  the  small  scale  erratic  flow 
in  the  two  dimensional  shear  layer  case.  Naturally  such  comparisons  cannot  be  exact,  but  it  is  hoped  they  may  be 
illuminating.  In  particular  the  comparison  strongly  suggests  that  a  streamwise  instability  in  a  curved  vortex  sheet 
could  be  predicted  theoretically. 

The  present  results  were  obtained  in  air.  Most  previous  visualisation  results  have  been  performed  in  water.  This 
includes  the  work  of  Winant  and  Browand,  the  long  series  of  subsequent  studies  at  USC,  and  also  that  of  Gad-el- 
Hak  and  Blackwelder.  Water  studies  imply  differences  in  experimental  parameters  to  those  done  in  air.  The 
factor  of  13  in  kinematic  viscosity  implies  ultra  low  speeds  in  water,  and  in  the  case  of  the  USC  experiments  the 
shear  layer  formed  from  the  combination  of  two  streams  has  substantial  momentum  thickness  as  it  leaves  the 
trailing  edge.  It  may  also  be  observed  that  excitation  via  a  fluctuating  water  valve  is  unlikely  to  produce 
sinusoidal  oscillations. 

The  Gad-el-Hak  and  Blackwelder  work  used  a  towing  tank.  The  principal  difficulty  with  this  approach  is  the 
limited  run  time,  and  the  likelihood  that  results  can  only  be  examined  off-line.  In  contrast  the  present  work  in  a 
wind  tunnel  has  permitted  the  achievement  of  low  Re  combined  with  long  experiments  in  which  interaction  with 
the  flow  by  the  experimenter  was  possible.  The  disadvantage  of  the  current  approach  lies  in  the  difficulty  of 
obtaining  useful  measurements  at  low  air  speeds  by  conventional  instrumentation,  and  a  degree  of  flow 
unsteadiness  which  obscures  the  results.  A  feature  of  these  experiments  is  the  thinness  of  the  shear  layer  leaving 
the  leading  edge.  Thus  comparison  with  other  work  is  difficult  because  of  the  difference  in  conditions.  It 
appears  that  the  delta  wing  provides  a  unique  flow  condition  for  evaluation. 


9.  Conclusions 

Novel  flow  visualization  techniques  have  been  show  to  provide  new  information  about  the  low  speed  vortex  flows 
over  a  delta  wing.  In  the  present  experiments  it  has  been  found  that: 

1.  A  quasi  two-dimensional  instability  exists  in  the  shear  layer  leaving  the  leading  edge. 

2.  A  second  locally  streamwise  instability  of  the  vortex  sheet  is  also  present,  and  gives  rise  to  steady 
structures  within  the  vortex  core. 

3.  Both  instabilities  are  inhibited  by  the  vortex  stretching  and  wrapping  process. 

4.  The  interaction  between  the  two  modes  of  instability  causes  transition  to  turbulence. 

5.  The  shear  layer  can  be  forced  at  a  wide  range  of  frequencies,  but  the  response  mechanisms  appear 
to  differ  from  those  observed  in  simpler  flows. 

6.  The  streamwise  instabilities  are  thought  to  be  due  to  the  effects  of  vortex  sheet  curvature. 

7.  Turbulent  shear  layers  can  be  seen  to  contain  the  same  streamwise  structure,  and  it  is  thought  to 
occur  at  full  scale. 
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Figure  7 


Top  View  Demonstrating  Pairing  Mechanisms.  70°  Wing  at  20°  Incidence, 0.44  m/s,  50  Hz 
Input. 


Figure  8 
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Response  of  Sheet  to  Acoustic  Forcing  at  Various  Frequencies.  70°  Wing  at  20° 
Incidence,  0.33  m/s. 


Figure  9 


Laser  Light  Sheet  View  of  a  Forced  Response  Case.  70°  Wing  at  20°  Incidence,  0.33m/s,  20  Hz 
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Figure  10  Views  of  Sheet  Instabilities  Showing  Effects  of  Speed.  80°  Wing  at  30°  Incidence 
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Figure  I  OB  Expansion  Showing  Transition  Process 
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8l|re  II  l  aser  I  ight  Sheet  Visualisations  Showing  Development  of  Instabilities  and  Transition  with 

Speed.  80°  Wing  at  30°  Incidence 
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figure  12 


Chordwdse  Transition  Position  vs  Velocity 
80°  Wing  at  30°  Incidence. 
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Figure  13  Fully  Turbulent  Flow  for  70°  Wing  at  20°  Incidence,  0.87  m/sec. 
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Figure  14 


Stroboscopic  Visualisation  of  Acoustically  Forced  Response.  80°  Wing  at  30°  Incidence. 
1.36  m/s. 
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Summary 

Flush-mounted  hot-film  gages  have  proved  effective  in  detecting  boundary- layer  transition  and  in 
measuring  3kin  friction  but  with  limited  success  in  detecting  laminar  separation  and 
reattachment.  The  development  of  multielement  micro  hot-film  sensors,  and  the  recent  discovery  of 
the  phase  reversal  phenomena  associated  with  low-frequency  dynamic  shear  stress  signals  across 
regions  of  laminar  separation  and  turbulent  reattachment,  have  made  it  possible  to  simultaneously 
and  unambiguously  detect  these  surface  shear  layer  characteristics.  Experiments  were  conducted  on 
different  airfoils  at  speeds  ranging  from  low  subsonic  to  transonic  speeds  to  establish  the 
technique  for  incompressible  and  compressible  flow  applications.  The  multielement  dynamic  shear 
stress  sensor  (MEDS 3)  technique  was  successfully  used  to  detect  laminar  separation,  turbulent 
reattachment  as  well  as  shock  induced  laminar  and  turbulent  separation. 


Nomenclature 

c  Airfoil  chord 
Cp  Pressure  Coefficient 

Rec  Reynolds  number  based  on  chord  length 

Chordwise  distance 
y  Distance  normal  to  the  chord 

a  Angle  of  attack 


Introduction 


Flow  separation,  transition,  and  turbulence  have  continued  to  be  the  most  challenging  problems  in 
fluid  mechanics  for  over  a  century.  In  spite  of  the  phenomenal  progress  made  in  computational 
fluid  dynamics  and  experimental  techniques,  our  understanding  of  these  viscous  flow 
characteristics  is  far  from  complete,  even  for  the  simplest  cases  involving  steady,  two- 
dimensional  flows.  The  most  extensively  studied  pheonomena  like  boundary-layer  stability, 
transition,  turbulence,  separation,  and  reattachraent  are  temporal  by  their  very  nature,  but  most 
experiments  freeze  them  in  time  or  space,  thereby  losing  some  useful  and,  perhaps, 
significant  information.  Boundary-layer  separation  and  reattachment  are  never  steady,  are 
generally  associated  with  a  low-frequency  oscillation  and  in  the  case  of  laminar  separation,  there 
is  not  much  data  on  the  instability  of  separated  shear  layers  leading  to  transition  and  turbulent 
reattachment . 

Flush-mounted  hot-film  gages  have  been  used  to  measure  skin  friction  and  also  to  detect  transition 
and  separation.  H.  Ludwieg*  was  perhaps  the  first  to  conceive  of  a  skin-friction  gage  utilizing 
the  relation  between  momentum  and  heat  transfer  when  the  streamwise  dimension  of  the  element  is 
small  compared  to  the  boundary-layer  thickness.  The  flow-field  velocities  which  convect  the  heat 
in  the  wall  layer  are  mainly  proportional  to  the  local  wall  shear,  hence,  the  rate  of  heat  lost 
from  the  heated  element  will  be  an  indication  of  the  wall  shear  magnitude.  The  original  gage 
design  was  complex  and  difficult  to  miniaturize,  though  it  did  represent  state-of-the-art  at  that 
time.  Liepmann  and  Skinner2  simplified  the  design  of  the  gage  by  burying  a  1  2.6-pm-diameter 
platinum  wire  in  a  groove  in  the  surface  of  a  nonconducting  substrate  like  bakelite.  It  proved 
fairly  successful  In  both  laminar  and  turbulent  boundary  layers,  but  the  major  drawback  was  the 
heat  conduction  through  the  substrate. 

Bellhou3e  and  Schultz1  carried  the  development  further  through  a  series  of  experiments  using  thin 
( 1  pm  )  platinum  film  baked  onto  the  surface  of  a  pyrex  glass  substrate.  A  thin  film  of  thickness 
1  jn  has  a  response  time  of  0.09  psec",  which  is  eminently  suited  for  dynamic  measurements.  The 
thin  films  were  used  in  the  constant-tempierature  anemometry  mode.  Transition  was  indicated  by  the 
sharp  Increase  in  the  mean  current  through  the  film,  whereas  the  minima  indicated  laminar 
separation.  They  also  noted  Irregular  response  of  heated  films  at  separation  as  an  indicator." 
These  measurements  required  precise  calibration  of  the  films,  and  the  heat  conduction  through 
substrates  appeared  to  have  a  significant  effect  on  the  results. 

In  addition  to  the  above  studies,  which  were  devoted  to  the  development  of  constant-temperature 
heated  surface  gages  to  measure  skin  friction,  there  have  also  been  many  other  attempts  to  use 
them  for  subsonic,  transonic,  and  supersonic  flows  (see  Owen  ref.  5;  McCroskey  and  Durbin  ref.  6; 
Rubesin,  et  al .  ref.  7;  Armistead  and  Keyes  ref.  8;  Owen  and  Bellhouse  ref.  9;  Menendez  and 


Ramaprian  ref.  10).  Most  of  these  efforts  were  confined  to  examinations  of  calibration 
characteristics  and  the  more  recent  referenced  efforts  have  been  directed  at  quantitative  skin- 
frictior.  measurements.  Much  progress  has  been  made  in  the  development  of  substrate  materials  with 
negligible  heat  loss. 

The  ambiguous  nature  of  the  technique  used  by  Bellhouse  and  Schultz3  to  detect  flow  separation  was 
pointed  out  by  Rubesin,  et  al . , 7  who  suggested  a  different  approach  by  exploiting  the  interaction 
of  multi  pie- element  gauges  when  they  are  close  together.  They  used  multielement  sensors  in  groups 
of  three  and  heated  the  central  sensor,  whereas  the  adjacent  ones  were  left  at  a  low  overheat.  In 
such  a  mode  of  operation,  the  sensor  wires  locally  downstream  of  the  heated  central  sensor 
requires  the  lesser  power  for  a  specified  overheat  temperature.  Thus,  the  local  flow  direction 
was  ascertained  which  could  be  used  tc  locate  the  separated  region.  Such  a  "three-wire"  technique 
was  also  used  by  Manuel,  et  al.11  as  a  laminar  separation  sensor.  However,  as  analytically  shown 
by  Degari,12  the  interaction  due  to  conduction  through  the  substrate  at  laminar  separation  could 
be  of  the  same  order  as  the  convection  and  hence,  the  signal-to-noise  ratio  could  be  quite  small 
making  the  measurements  unreliable.  Also,  the  amount  of  heat  input  necessary  to  detect  flow 
reversals  may  be  significant  enough  to  alter  the  flow  characteristics  in  the  separated  region. 
However,  Rubesin,  et  al . 7  were  quite  successful  in  locating  shock-induced  separation  using  this 
technique  without  upsetting  the  flow,  due  to  the  presence  of  large  gradients  in  the  flow 
parameters  ir.  the  neighborhood  of  the  shock.  Armand 1 3  used  surface  hct-f'ilm  sensors  to  study 
various  bour.dary-layer  phenomena,  including  the  determination  of  flow  direction  at  the  wall  based 
or.  the  work  done  by  McCroskey  and  Fisner17  and  McCroskey  and  Durbin.6  The  presence  of  boundary- 
layer  separation  was  indicated  by  marked  fluctuation  in  low-frequency  signals. 

It  is  believed  that  a  major  breakthrough  was  achieved  recently  by  Stack  and  Mangalam  [15]  with  the 
discovery  of  phase  reversal  in  low-frequency  signals  from  heated  films  across  the  region  of 
separation  and  reattachment.  Experiments  were  originally  conducted  on  low-Reynolds-number 
airfoils  at  low  speeds15’16  to  detect  laminar  separation  and  turbulent  reattachment. 

Subsequently,  further  experiments  were  conducted  to  extend  the  technique  to  high  speed  flows. 
Shock- induced  turbulent  separation  and  reattachment  were  detected  using  the  MEDS3  technique  in 
tests  conducted  on  a  supercritical  airroil  at  transonic  speeds.  A  summary  of  results  from  these 
tests  is  presented  in  this  paper. 


I.  Description  of  the  Sensor  and  Instrumentation 

The  originally  developed15  multielement  hot-film  sensor  (fig.  la)  consists  of  a  number  of 
independent  Nickel  films,  electron-beam  evaporated17  on  a  thin  (0.05  mm)  polyimide  substrate  in  a 
straight-line  array.  Each  sensor  consists  of  a  Nickel  film  1.0  mm  long  and  0.12  mm  wide  with  5pm 
copper-coated  Nickel  leads  routed  to  provide  wire  attachment  away  from  the  measurement  location. 

In  the  first  experiment,15  the  leads  were  configured  to  provide  wire  attachment  downstream  of  the 
last  sersor .  In  the  subsequent  sensor  development  and  experiments16  the  leads  were  taken  out 
along  the  spar,  to  provide  wire  attachments  completely  outside  the  test  section  walls  so  as  to 
obtain  a  practically  nonintrusi ve  sensor  system  (fig.  1b).  The  unheated  resistance  of  each  film 
was  a  nominal  5  ohms  in  the  first  experiment  and  about  8  ohms  in  the  subsequent  experiments.  The 
films  were  spaced  at  2.5  mm  intervals  which  provided  consecutive  measurements  at  1.66-percent 
chord  intervals  for  the  15  cm  chord  airfoil  models. 

In  the  first  experiment,15  the  sensors  extended  from  0.95  chord  to  0.95  chord  locations,  whereas 
in.  the  second  and  third  experiments  the  sensors  extended  from  the  leading  edge  all  the  way  to  the 
trailing  edge.16  The  substrate  was  bonded  to  the  model  with  the  sensor  array  placed  streamwise. 

The  instrumentation  available  for  the  experiments  dictated  that  the  sensors  be  arranged  in  groups 
for  purposes  of  measurement  and  recording.  A  multichannel  switch  was  used  to  connect  the  desired 
sensor  group  to  independent  constant  temperature  anemometers  which  simultaneously  heated  the 
respective  group  of  films  to  a  nominal  50  °C  above  recovery  temperature.  The  fluctuating  voltage 
output  or  the  anemometer  is  a  function  of  the  dynamic  shear  stress  present  at  each  film 
location.  In  order  to  assess  the  influence  of  heated  sensor  elements  on  each  other,  they  were 
also  heated  individually  and  in  groups  with  all  the  others  cold.  There  was  no  noticeable 
influence  o'-  individually  heated  films  on  one  another.  The  anemometers  as  well  as  the  sensors 
were  designed  and  fabricated  at  NASA  Langley  Research  Center.  The  frequency  response  was  from 
zero  to  an  upper  limit  of  10  kHz  which  was  adequate  for  the  tests  described  here.  This  limit  also 
provided  a  satisfactory  signal-to-noise  ratio  for  the  anemometer  output  signal.  The  signals  were 
amplified  by  an  A-C  coupled  (1  Hz  high  pass)  amplifier  and  recorded  on  an  analog  FM  tape  recorder 
whose  upper  frequency  was  set  at  10  kHz.  The  amplifier  signal  to  the  analog  recorder  was 
simultaneously  connected  to  an  oscillograph  recording  system  which  provided  on-line  time  history 
traces  of  the  operating  group  of  sensors.  The  frequency  response  of  each  trace  was  flat  ±3  dB 
from  1  Hz  to  A  kHz.  A  schematic  diagram  of  the  instrumentation  is  shown  in  figure  2. 

II.  Laminar  Separation  and  Reattachment 

The  first  application  of  the  multielement  ser.3or16  was  on  a  low  Reynolds  number  airfoil,  LRN(  1  )- 

1010  (Evangelista,  et  al.19)  since  airfoils  at  low  Reynolds  number  exhibit  all  the  shear  layer 

characteristics  of  interest,  i.e.,  laminar  flow,  laminar  separation,  transition,  and  turbulent 
re  attachment  followed  by  turbulent  flow  with  or  without  turbulent  separation.  When  laminar 

separation  occurs,  it  is  rapidly  followed  by  transition  in  the  highly  unstable  separated  shear 

layer,  followed  by  turbulent  reattachment  when  the  Reynolds  number  is  sufficiently  high.  The 
extent  of  the  laminar  bubble  depends  on  the  chord  Reynolds  number  for  a  smooth  airfoil.19-22 

The  Eppler  387  airfoil  model  was  used  in  the  second  experiment16  which  was  conducted  in  the  Low- 
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Turbulence  Pressure  Tunnel  (LTPT).  This  facility,  has  a  low  freestream  turbulence  suitable  for 
low  Reynolds  number  testing.23  The  Eppler  387  airfoil  model  was  covered  with  a  substrate  having 
60  films  on  the  upper  surface  that  extended  all  the  way  from  the  leading  edge  to  the  trailing 
edge.  The  pressure  distribution  on  the  Eppler  387  airfoil  Is  such  that  at  low  chord  Reynolds 
numbers,  the  location  of  laminar  separation  moves  appreciably  along  the  chord  with  the  angle  of 
attack.  The  location  and  the  extent  of  the  laminar  separation  bubble  were  determined  from  the 
surface  static  pressure  distribution  as  well  as  from  surface  flow  visualization  using  oil  flow 
technique. 2  3 

The  multielement  hot-film  sensors  were,  as  mentioned  earlier,  used  in  the  constant  temperature 
anemometer  mode  with  each  film  heated  to  a  nominal  50  °C  above  the  recovery  temperature.  The 
films  were  not  calibrated  and  their  resistances  were  not  identical.  A  multichannel  switch  was 
used  to  connect  the  desired  sensor  group  to  independent  constant  temperature  anemometers.  An 
oscillograph  recorder  was  used  to  monitor  the  signals  in  real  time.  Initially,  they  were  used  to 
assess  the  mutual  interference  of  heated  films.  The  electrical  currents  passed  through  these 
films  are  so  small  that  mutual  interference  due  to  heating  was  insignificant. 

Analysis  of  the  time  history  of  signals  (rms  output)  from  individual  hot  wire  or  hot  films  has 
been  one  of  the  well  established  ways  to  determine  laminar,  transitional,  and  turbulent  regions  of 
the  boundary  layer.  A  sketch  of  a  laminar  separation  bubble  is  shown  in  figure  3 a.  Several 
elements  of  the  multielement  sensor  were  located  in  such  a  region  on  the  Eppler  387  airfoil 
(indicated  in  fig.  3a  by  thick  bars).  Typical  time  histories  of  dynamic  shear  stress  signals  from 
these  sensors  at  the  different  chord  locations  are  shown  in  figure  3b  and  corresponding  rms  values 
of  the  shear  stress  signals  are  shown  in  figure  3c.  Clearly,  the  laminar  regions  are  indicated  by 
low  rms  values  and  an  increase  in  amplitude  is  observed  with  the  approaching  transition.  Maximum 
rms  values  are  observed  before  the  end  of  transition,  followed  by  a  decrease  in  the  turbulent 
region.  The  rms  value  in  the  turbulent  region  is  lower  than  that  present  at  peak  transition  but 
much  higher  than  that  observed  in  the  laminar  region.  It  is  thus  possible  to  demarcate  the 
laminar,  transitional,  and  turbulent  region  using  the  time  history  of  the  signals  obtained 
simultaneously  from  all  the  films.  Consequently,  the  following  questions  arise: 

1.  The  surface  shear  layer  being  laminar  on  either  side  of  the  separation  "point"  (point  S, 
fig.  3a),  how  could  one  differentiate  the  laminar  signals  1,  2,  and  3  in  order  to  locate  laminar 
separation? 

2.  Although  it  is  fairly  straight  forward  to  establish  the  location  of  transition  on  the 
basis  of  rms  values  as  well  as  the  time  history  of  the  signals,  how  does  one  determine  whether 
transition  has  occurred  in  a  boundary  layer  or  within  a  separated  shear  layer? 

3.  It  follows  again  that,  though  it  is  possible  to  establish  the  location  of  a  turbulent 
boundary  layer,  it  is  not  clear  whether  it  is  the  result  of  transition  in  a  boundary  layer  or  is  a 
consequence  of  turbulent  reattachment  of  a  separated  shear  layer. 

The  answer  to  all  these  questions  hinges  on  the  accurate  determination  of  the  laminar  separation, 
when  it  is  present,  i.e.,  depends  on  the  answer  to  question  1.  Armand,13  Rubesin,  et  al . , 7  and 
Owen3  plotted  the  power  spectra  of  the  fluctuations  in  the  separated  region  and  after 
reattachment,  and  showed  that  the  energy  increase  in  the  separated  region  wa3  confined  to  a  narrow 
band  of  frequencies,  whereas  the  increased  energy  due  to  the  pressure  rise  after  reattachment  was 
broadband.  Owen  also  demonstrated  that  the  variation  in  substrate  conduction  and  unsteady 
turbulent  effects  can  dominate  the  gage  outputs  and  lead  to  erroneous  results.  Rubesin,  et 
al .  ’  were,  perhaps,  the  first  to  use  the  sensors  in  a  three-element  configuration  to  determine  the 
direction  of  heat  convection.  The  technique  worked  quite  well  in  the  presence  of  shock  induced 
separation.  However,  as  indicated  by  many  studies,  the  conduction  through  the  substrate  can  lead 
to  erroneous  results,  especially  when  separation  is  not  accompanied  by  large  changes  in  energy 
levels.  At  low  speeds,  for  instance  this  technique  fails  to  give  reliable  information. 

Armand13  was  perhaps  one  of  the  first  to  observe  the  presence  of  low-frequency  fluctuations  in  the 
neighborhood  of  laminar  separation  using  surface  hot-film  sensors.  He  observed  that  the  average 
voltage  is  small  because  the  shear  stress  is  a  minimum  at  laminar  separation,  but  the  dynamic 
signals  indicated  low-frequency  components  that  he  considered  were  important.  Although  Armand 
made  a  subjective  estimation  of  transition  and  separation  location,  he  recognized  the  possibility 
of  using  "several  wel..  located  sensors  so  that  the  experimenter  could  follow  transition  and 
separation"  in  real  time.  It  must  be  borne  in  mind  that  these  techniques  described  above  require 
careful  calibration  for  signal  comparison. 

A  crucial  breakthrough  was  achieved  by  Stack  and  Mangalam  in  their  experiment  to  detect  laminar 
separation  on  a  low-Reynolds  number  airfoil15.  The  use  of  a  stethoscope  helped  pave  the  way  by 
providing  a  means  of  audio  detection  of  pressure  fluctuations  associated  with  laminar  separation, 
to  answer  the  crucial  question.  It  is  a  simple  tool  to  determine  laminar,  transitional,  and 
turbulent  regions.  Indeed,  just  upstream  of  laminar  separation  one  could  hear  the  presence  of 
low-frequency  disturbances,  whereas  at  the  separation  location  itself  there  was  a  relatively  dead 
silence.  This  indicated  that  there  was  a  local  minimum  in  pressure  fluctuations  at  separation. 

It  was  felt  that  if  a  human  ear  could  differentiate  the  two  signals,  they  also  may  have  left  their 
traces  on  the  sensitive  films.  The  time  history  of  signals  as  shown  in  figure  3  is  usually 
plotted  on  a  scale  too  crude  to  reveal  this  information.  Hence,  it  was  decided  to  appreciably 
increase  the  gain  (actually  30  times)  to  check  if  the  conjecture  was  right.  The  raw  data  did 
indicate  a  decrease  in  the  amplitude  of  signals  at  the  separation  location  (fig.  4a). 

Furthermore,  a  careful  observation  of  tne  dynamic  signals  also  indicated  a  peculiar  trend  in  the 
amplitudes:  The  crests  and  the  valleys  of  the  dynamic  signals  reversed  directions  across  the 
separation  and  the  output  signals  Indicate  minimun  amplitude.  These  signals  appeared  to  be 
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fluctuations  with  preeminently  low-frequency  content.  When  the  high  frequencies  were  filtered 
out,  the  dynamic  signals  clearly  brought  out  the  reversal  in  phase  across  laminar  separation 
(fig.  4;  traces  A  to  B).  Hence,  laminar  separation  was  indicated  by  a  decrease  in  the  amplitude 
of  the  dynamic  shear  stress  (fig.  4;  trace  S)  and  a  phase  reversal  in  dynamic  shear  stress  signals 
across  laminar  separation  (Fig  4;  traces  A  and  B). 

The  overall  laminar  separation  bubble  dynamics  in  the  present  experiments  are  believed  to  be 
driven  by  the  presence  of  relatively  "high"  amplitude  and  low  frequency  pressure  fluctuations  in 
the  test  facilities  used.  This  mechanism  was  discussed  and  suggested  by  M.  Morkovin.  Apparently, 
the  existar.ee  of  such  disturbances  in  wind  tunnels  can  cause  unsteady  flow  phenomena  associated 
with  separation,  shocks,  etc. 

In  order  to  quantitatively  establish  the  observed  phase  reversal  phenomenon  across  laminar 
separation,  signals  from  hot  films  at  different  chord  locations  were  subject  to  frequency  domain 
analysis.  A  digital  signal  analyzer  employing  the  Fast  Fourier  Transform  algorithm  provided 
coherence  and  phase  analysis.  For  output  signals  taken  from  the  same  s’de  of  laminar  separation, 
the  coherence  between  signals  was  practically  one  and  the  phase  difference  was  zero  (fig.  5a). 

For  signals  taken  across  the  laminar  separation  region,  a  distinct  phase  reversal  to  -180° 

(fig.  5b)  was  observed,  thus  reinforcing  what  was  observed  in  the  time  history  (fig.  4)  of  the 
signals.  The  dynamic  shear  stress  signals  were  again  in  phase  immediately  downstream  of  the 
separation  point  (fig.  5c). 

Experiments  were  conducted  at  a  number  of  freestream  velocities  (chord  Reynolds  numbers)  and 
angles  of  attack.  The  phase  reversal  phenomenon  associated  with  dynamic  shear-stress  signals 
accompanied  by  a  sharp  drop  in  the  dynamic  shear-stress  amplitude  was  consistently  observed  at 
laminar  separation.  The  phase  reversal  was  more  sharply  defined  in  the  tests  conducted  in  LTPT , 
presumably  due  to  the  very  low  freestream  turbulence  levels.23 

An  attempt  was  then  made  to  extend  the  present  technique  to  locate  turbulent  reattachment.  The 
unfiltered  ar.d  filtered  time  traces  for  the  Eppler  387  airfoil  in  the  neighborhood  of  the 
predicted  turbulent  reattachment  region  are  shown  in  figure  6.  The  ur.filtered  signal  traces  show 
a  marked  reduction  in  signal  amplitude  at  x/c  =  0.6874,  indicating  reattachment  at  that 
location.  The  presence  of  high  frequencies  make  it  difficult  to  observe  any  phase  changes. 
However,  when  the  data  is  filtered  to  10  Hz  (fig.  6b),  a  clear  phase  reversal  is  observed  at  this 
location.  Furthermore,  there  is  a  noticeable  reduction  in  amplitude  at  x/c  -  0.7382  and  another 
phase  reversal  across  this  chord  location.  It  appears  that  turbulent  reattachment  has  occured  in 
two  stages:  the  first  at  x/c  «  0.6874  and  the  second  at  x/c  =  0.7382.  The  presence  of  two 
"reattachment  points"  seems  to  indicate  that  there  were  at  least  two  recirculation  regions  at 
turbulent  reattachment  as  sketched  in  figure  7.  The  sense'  output  signals  from  this  region  were 
again  digital' y  ana'yzed  to  determine  their  phase  relations.  Indeed,  there  was  a  +180  deg.  phase 
shift  across  x/c  =  0.6874  and  -180  deg.  phase  shift  across  x/c  =  0.7382.  An  illustration  of  the 
phase  relations  between  sensor  output  signals  across  the  laminar  separation  bubble  on  the  upper 
surface  of  the  E— 387  airfoil  model  at  Rc  =  200,000,  (alpha)  =  2  deg.  is  shown  in  figure  8.  The 
signals  are  in  phase  upstream  of  the  bubble  (fig.  8a),  out  of  phase  by  -180°  across  the  separation 
point  (fig.  8b),  in-phase  within  the  bubble  (fig.  8c),  out  of  phase  by  +180°  across  the  first 
recirculation  region  (fig.  8d),  out  of  phase  by  -180°  across  the  second  recirculation  region 
(fig.  8e),  and  again  in  phase  downstream  of  the  bubble  (fig.  8f).  A  comparison  of  results 
obtained  from  oil  flow  visualization23  and  MEDS3  technique  for  the  E-387  airfoil  is  shown  in 
figure  9,  where  the  turbulent  reattachment  point  corresponds  to  the  last  occurence  of  phase 
reversal  downstream  of  laminar  separation  for  the  hot  films.  The  results  are  in  excellent 
agreement  at  reattachmer.t  but  a  systematic  difference  exists  at  separation.  More  detailed  studies 
using  flow  visualization  as  well  as  MEDS3  technique  may  be  necessary  to  explain  the  differences 
between  measurement  techniques  and  with  theory23  which  only  predicts  separation. 


III.  Shock-Induced  Laminar  and  Turbulent 
Separation  and  Reattachment 

All  of  the  preceding  discussed  experiments  were  conducted  on  low-Reynolds  number  airfoils  at 
relatively  low  speeds  (M  <  0.1).  It  was  then  decided  to  check  whether  the  phase  reversal 
phenomenon  could  also  be  observed  at  high  speeds.  Two  NASA  developed  airfoil3  were  tested  at 
transonic  speeds  to  detect  shock- induced  separation  and  reattachment.  Tests  were  conducted  on  a 
15  cm  chord  integrated  technology  (IT)  supercritical  airfoil  in  the  NASA  Langley  Research  Center 
0.3-Meter  Transonic  Cryogenic  Tunnel.  Tests  were  also  conducted  on  the  HSNLF( 1 )— 021 3F  airfoil  in 
the  Ohio  State  University  6-  by  22-Inch  "ransonic  Tunnel.  Some  results  from  these  experiments 
have  been  presented  in  references  24  and  25.  Some  relevant  features  of  the  tests  pertaining  to 
the  phase  reversal  phenomenon  are  briefly  described  in  this  paper. 

The  lower  surface  of  the  IT  airfoil  was  fully  instrumented  with  the  multielement  sensor  technique 
MEDS3  from  the  leading  edge  to  the  trailing  edge.  A  large  adverse  pressure  gradient  (fig.  10) 
exists  in  the  lower  concave  region  near  the  leading  edge  resulting  in  a  turbulent  boundary 
layer.  The  shear  stress  fluctuations  determined  from  the  sensor  output  signals  indicated  an 
appreciable  drop  in  amplitude  in  the  further  downstream  convex  region  and  in  the  presence  of  rapid 
acceleration  but  the  boundary  layer  did  not  relaminarize.  In  tests  conducted  at  a  free  stream 
Mach  number  of  0.7,  chord  Reynolds  number  of  6  x  106,  and  angle  of  attack  of  -1°,  the  measured 
pressure  distribution  on  the  lower  surface  indicated  the  presence  of  a  shock  at  about  32-percent 
chord  (fig.  10).  The  output  signals  from  the  sensors  located  in  this  region  clearly  showed  a 
phase  reversal  and  a  plot  of  the  phase  relations  between  the  signals  from  sensors  located  in  the 
neighborhood  of  the  shock  are  shown  in  figure  11.  The  signals  are  seen  to  be  in  phase  upstream  of 


•-.he  shock  (fig.  11a),  there  is  a  -180°  phase  shift  across  the  shock- induced  turbulent  separation 
(fig.  11b),  a  *180°  phase  shift  across  the  reattachment  (fig.  11c),  and  the  signals  are  again  in 
phase  downstream  of  the  shock-induced  separation  bubble  (fig.  lid). 
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Figure  12  shows  the  favorable  pressure  gradient  on  the  HSNLF( 1 )-021 3F  airfoil  with  laminar  flow 
maintained  rearward  to  the  shock- induced  laminar  separation  and  reattachment  as  indicated  by  the 
hot  films  on  the  upper  surface.  Again,  the  output  signals  from  sensors  located  in  this  region 
clearly  exhibit  a  phase  reveral  and  the  corresponding  relations  between  signals  from  sensors 
located  in  the  shock  zone  are  shown  in  figure  13.  Once  agc.n,  the  signals  are  in  phase  upstream, 
shift  across  the  shock- induced  turbulent  separation  and  reattachment,  and  are  back  in  phase 
downstream  of  reattachment. 

These  experiments  have  shown,  for  the  first  time,  that  the  phase  reversal  phenomenon  is  not 
limited  to  flow  separation  at  low  speeds  but  can  be  observed  even  at  transonic  speeds. 

Furthermore,  the  experiments  have  demonstrated  that  the  technique  enables  one  to  detect  laminar  as 
well  as  turbulent  flow  separation  and  reattachment.  Since  it  appears  to  be  independent  of  the 
speed  regime  there  is  reason  to  believe  that  the  MEDS3  technique  may  also  be  applicable  to  flow 
separation  at  supersonic  and  hypersonic  speeds. 


IV.  Conclusions 

The  multielement  dynamic  shear  stress  sensor  (MEDS3)  technique  has  been  successfully  used  to 
accurately  detect  laminar  as  well  as  turbulent  flow  separation  and  reattachment  based  on  the 
recently  discovered  phase  reversal  phenomena.  The  technique  was  developed  during  an  effort  to 
detect  laminar  separation  on  airfoils  designed  for  low-Reynolds  number  applications.  The  phase 
reversals  in  low-frequency  dynamic  shear  stress  fluctuations  across  regions  of  flow  separation  and 
reattachment  were  found  to  be  present  in  a  low-disturbance  as  well  as  in  a  noisy  flow 
environment.  The  MEDS3  technique  was  subsequently  used  to  detect  shock-induced  turbulent 
separation  and  reattachment  at  transonic  speeds  in  both  a  continuous  flow  wind  tunnel  and  a  blow¬ 
down  wind  tunnel.  Flight  research  and  extension  of  the  technique  to  supersonic  and  hypersonic 
flows  are  viable  areas  for  future  work. 
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(A)  Exploded  view  of  sensor  elements 


(a)  Original  configuration  sample.  (b)  lmProved  configuration  sample. 

Figure  1.  Multielement  Dynamic  Shear  Stress 
Sensor  (MEDS3) . 
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Figure  2.  Schematic  diagram  of  instrumentation 
for  Multielement  Diagnostic  Shear 
Stress  Sensors. 
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Figure  3.  Illustration  of  time  history  signals 
and  RMS  levels  from  successive  hot 
films  located  over  a  laminar  separation 
zone. 
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Figure  4.  Time  history  of  hot-film  sensors  at  separation  with  increased  gain. 
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Figure  5.  Phase  reversal  analysis  across  laminar  separation  point. 
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Figure  9.  Measured  and  predicted  separation  and 
reattachment  locations  on  the  E-387 
airfoil. 


Figure  10.  Measured  pressure  distributions  and 

geometry  of  airfoil  used  in  0.3-Meter 
Transonic  Cryogenic  Tunnel  test. 

M^  -  0.70,  Rc  -  6  x  106,  a  -  -1°. 

PHASE  PLOTS 


(x/c)  i  to  (x/c)  2 


Frequency,  Hz  Frequency,  Hz  Frequency,  Hz  Frequency,  Hz 

(a)  Upstream  of  the  shock,  (b  &  c)  Across  shock-induced  separation  and  reattachment,  (d)  Downstream  of  reattachment 

Figure  11.  Phase  spectrums  of  successive  hot-film  sensors  in  vicinity  of  shock-induced  turbulent 
separation. 
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Figure  12.  Measured  pressure  distributions  and 

hot  film  locations  indicating  laminar, 
separated,  and  reattached  turbulent 
flow  on  the  HSNLF(1)-0213  airfoil 
tested  in  the  Ohio  State  University 
6-  by  22-Inch  Transonic  Tunnel. 

M  =  0.77,  Rc  =  4.3  x  106,  Cx  =  0.26. 
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(a)  Upstream  of  the  shock,  (b  &  c)  Across  shock-induced  separation  and  reattachment,  (d)  Downstream  of  reattachment 


0  .1  .2  .3  .4  .5  .6  .7  .8  .9  1.0 


Figure  13.  Example  of  Multielement  Dynamic  Shear 
Stress  Sensor  detection  of  shock- 
induced  laminar  separation  by  phase 
reversal . 
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I.  Introduction 


chordiength  of  the  flat-plate 
pressure  coefficient 

mean  velocity  outside  of  the  boundary  layer 
free  stream  velocity 

turbulence  level  of  the  streamwise  fluctuations 
mean  velocity  in  x,y,z-direction 
stationary  perturbation 
non-stationary  perturbation 
RMS-vaiues  of  the  velocity  fluctuations 
carthcsian  coordinates 

free  stream  Rcynoldsnumber 

amplification  factor  of  the  stationary  vortices;  non-dimensionalized  with  the  chordlength 
of  the  plate 

wavelength  of  the  stationary  vortices 
boundary  layer  thickness 
geometric  sweep  angle 

cross-flow  Rcynokls-numbcr 

V,  ma,  =  maximum  value  of  cross  flow  velocity,  A  =  /~ \'j 

in  model  fixed  coordinate  system  (  x  =  normal  to  the  leading  edge,  y  =  parallel  to  the 
leading  edge,  z  =  normal  to  the  surface) 

in  streamline  fixed  coordinate  system  (x  --  tangential  to  the  streamline,  y  =  cross  to  the 
streamline,  z  =  normal  to  the  surface) 


The  present  work  is  part  of  a  theoretical  and  experimental  program  of  the  DFVLR  devoted  to  the  study  of 
the  practicability  of  "laminar  wings"  for  transport  aircraft.  For  this  reason  not  only  the  conditions  for  the 
final  transition  to  turbulence  have  to  be  known  but  also  the  instability  mechanism  acting  in  such  flows  in 
order  to  be  able  to  design  the  most  stable  configurations. 

On  swept  wings  transition  to  turbulence  is  caused  by  different  instability  mechanisms,  such  as  3-D  stag¬ 
nation  flow,  cross-flow  and  centrifugal  instability.  These  instability  mechanisms  may  interact  in  a  compli¬ 
cated  manner  thus  leading  to  ambiguity  in  the  interpretation  of  the  results.  For  facilitating  both  the  the¬ 
oretical  and  experimental  approach  to  this  problem,  different  models  have  been  defined  such  that  in  each 
of  them  one  single  instability  mechanism  is  dominating. 

The  present  experiment  is  concerned  with  the  problem  of  cross-flow  instability.  It  is  a  continuation  of  the 
experiment  started  by  Nitschkc-Kowsky  and  Bippes  [I]  on  a  swept  back  flat  plate.  On  this  model  a  quasi 
2-D  boundary  layer  flow  (infinite  swept  wing  conditions)  on  a  flat  surface  is  simulated  for  approximating 
the  mathematical  models  used  for  the  related  primary  and  secondary  stability  calculations  by  Dallmann  and 
Bieler  [2],  and  Fischer  and  Dallmann  [3],  respectively,  as  well  as  for  direct  numerical  simulation  of  transi¬ 
tion  accomplished  by  F.  Meyer  [4], 

The  work  of  Nitschkc-Kowsky  [I]  has  already  shown  the  swept  back  flat  plate  model  to  be  most  appro¬ 
priate  for  the  aimed  purpose.  It  turned  out  that  in  the  unstable  three-dimensional  boundary  layer  in  addi¬ 
tion  to  the  stationary  vortices,  also  referred  to  as  stationary  waves,  travelling  waves  develop.  The  location 
of  the  first  appearance  of  both  instability  modes  is  roughly  the  same  so  that  both  were  seen  as  primary 
instabilities.  The  wave  length  of  the  stationary  waves  and  the  frequency  of  the  travelling  waves  agree  with 
the  linear  stability  analysis  of  Dallmann  and  Bieler  [2].  In  a  more  detailed  study  of  the  travelling  waves  by 
Bippes  and  Nitschkc-Kowsky  [5]  the  direction  of  wave  propagation  was  also  examined.  Correlation  meas¬ 
urements  indicated  that,  in  contrary  to  linear  stability  theory,  a  preferential  direction  of  wave  propagation 
exists.  In  these  tests,  however,  an  interaction  of  both  wave  modes  became  obvious.  That  phenomenon  not 
only  affected  the  attempts  of  measuring  the  direction  of  wave  propagation  but  generally  caused  an  ambi¬ 
guity  in  regard  to  the  applicability  of  linear  stability  theory. 


The  present  experiments  nre  aimed  at  quantitative  measurements  of  the  strcamwisc  development  of  both 
standing  anil  travelling  waves  for  a  more  detailed  comparison  with  linear  stability  theory  and  for  the 
determination  of  an  adequate  input  to  secondary  stability  theory  as  developed  by  Fischer  and  Dallmann 

m. 

In  order  to  be  able  to  specify  the  limitations  of  linear  stability  theory  for  3-D  boundary  layers  the  appear¬ 
ance  of  non-linear  interaction  ot  the  instability  modes,  also  with  regard  to  the  applicability  of  the  'V’-crite- 
riop",  has  to  be  studied. 

\  further  goal  is  to  find  initial  conditions  of  general  validity  for  direct  numerical  simulation  of  transition 
as  carried  out  bv  F .  Meyer  [4],  It  is  hoped  to  get  an  answer  to  this  question  by  performing  the  experiments 
on  our  swept  back  flat  plate  model  in  wind  tunnels  with  different  disturbance  level  and  in  a  water  towing 
tank.  A  comparison  of  the  results  may  also  give  some  insight  into  the  transferability  of  wind  tunnel  results 
on  the  transition  process  under  free  flight  conditions. 

II.  Apparatus  and  Methods 

Wind  Tunnel 

Most  of  our  investigations  were  conducted  in  the  Im-Wind  Tunnel  of  the  DFVl.R  in  Gottingen.  This  wind 
tunnel  has  a  closet!  circuit  anti  an  open  test  section  of  I  m  x  0.7  m.  The  area  reduction  from  the  settling 
chamber  to  the  test  section  is  4.8  :  I.  The  steadiness  of  the  stream  is  improved  by  guide  vanes  and  a 
honeycomb  grid.  A  turbulence  level  (Fu)  of  0.15  %  is  achieved  by  three  damping  screens  with  an  open  area 
ratio  of  0.65  in  the  settling  chamber  4.5  m  ahead  of  the  nozzle  exit  (Nitschkc-Kowsky  [6]). 

In  ortlcr  to  examine  the  effects  of  the  disturbance  characteristics  in  the  oncoming  flow  the  model  was  also 
used  in  two  other  wind  tunnels  both  with  closed  circuits.  One  of  them  has  a  higher  Tu-lcvcl  of  about  0.3 
°  n  anil  an  open  test  section  of  3m  x  3m.  The  other  wind  tunnel  has  a  lower  Tu-lcvcl  of  about  0.05  %  and 
a  closctl  test  section  of  3.25m  x  2.75m.  The  second  purpose  of  this  comparative  tests  was  to  examine  the 
influence  of  a  larger  test  section  on  the  approximation  of  a  quasi-2-d  flow. 

In  addition,  some  experiments  were  carried  out  in  a  water  towing  tank.  As  in  this  facility  the  model  is  moved 
through  the  stagnant  fluid,  it  is  especially  suitable  for  studying  transition  problems  at  similar  conditions  as 
in  free  flight.  The  water  towing  tank  is  18  m  long,  about  l.l  m  wide  and  has  a  depth  of  *  I  m.  Furthermore, 
one  can  take  advantage  of  the  powerful  means  for  visualizing  water  flow. 

Model 

As  mentioned  above,  a  swept  flat  plate  is  chosen  for  the  present  experiment  in  order  to  have  a  realistic 
comparison  with  the  stability  theory  (Fig.  I).  A  displacement  body  above  the  flat-plate  generates  a  negative 
pressure  gradient  in  downstream  direction  necessary  for  the  generation  of  the  cross  flow.  Quasi-2-d  flow 
conditions  arc  simulated  by  means  of  contoured  cndplatcs  (see  Nitschkc-Kowsky  [6]).  A  further  improve¬ 
ment  in  simulating  quasi-2-d  conditions  was  achieved  by  changing  the  nozzle  of  the  1-m  wind-tunnel  such 
that  the  distance  from  the  exit  to  the  model  was  constant  over  the  spanwisc  direction.  For  all  the  tests  the 
model  was  set  at  a  single  sweep  angle  of  <t>0  =  45°. 

The  same  model  made  of  plcxiglas  and  in  a  1:1  scale  was  built  for  the  experimentation  in  the  water  towing 
tank. 


I  ig.  I:  a)  Swept  back  (Tit-plate  model  in  the  Im-wind  tunnel 

h)  Model  view  A:  D  -  displacement  body.  P  -  flat  plate.  S  -  end  plate 

Measurements 

In  the  wind  tunnels  the  oil  flow  method  is  used  for  'lie  flow  visualization  in  ortlcr  to  gel  a  global  picture  of 
the  flow.  Fxtensive  velocity  measurments  are  carried  out  with  the  aid  of  hot  wire  ancmon.ctry  using  special 
subminiature  V-prohes  with  the  hot-wires  adjusted  parallel  to  the  surface.  Therefore,  a  data  reduction  is 
necessary  which  provides  not  only  the  mean  values,  but  also  the  time  signals  anti  the  power  spectra  averaged 
over  a  period  of  6  s.  The  analog  signals  arc  digitalized  with  a  sampling  rate  of  4000  Hz  (Rosemann  [7]). 
By  these  means  it  is  possible  to  get  the  mean  anti  time  dependent  velocity  components  parallel  to  the  wall 
(tang  anti  cross  direction).  The  lime  signals  are  filtered  at  If)  and  3000  Hz  Hie  hot  wiics  arc  calibrated 


vviih  res  pot  I  to  iho  velocity  and  the  diicction  hefoie  ti  ml  niter  ciicli  measurement.  In  that  way,  a  high 
lopcatahility  of  the  measurements  can  be  achieved.  From  the  inslantanious  signals  the  RMS  values  and  the 
frequence  spool t a  for  both  components  ate  calculated  on  a  VAX  X300.  Ihc  hot-wite  probe  is  fixed  to  a 
traversing  mechanism  which  allows  displacements  of  the  probe  normal  to  the  plate  surface  with  an  accuracy 
of  0.01 25  mm. 

In  the  water  towing  lank  only  How  visualization  with  the  hydrogen  bubble  method  has  been  carried  out  up 
to  now.  I  he  hvd/ogen-generating  vviie  is  placed  at  r,  c  0.r>  and  at  z  0.4  mm  from  the  wall.  For  more 
details  of  the  hvdrogen  bubble  technique  see  Hippos  |X], 

III.  Mean  Flow 

I  he  chordwise  distiibutioti  of  the  wall  pressure  on  the  flat-plate  as  induced  by  the  displacement  body  is 
shown  in  Fig.  2.  Comparing  measurements  at  zero  sweep  angle  show  that  infinite  swept  wing  conditions  are 
well  approximated.  It  should  be  pointed  out  that  a  negative  pressure  gradient  is  present.  In  2-d  boundary 
laver  Hows  such  a  giadienl  is  known  as  a  favourable  pressure  gradient  and  would  stabilize  the  flow.  How¬ 
ever.  in  the  3-d  case  this  is  not  the  case.  Actuallv,  this  gradient  introduces  the  cross  flow  instability.  Fur- 
Ihetmoie.  it  should  be  noted  that  foi  about  XO  %  of  the  plate  the  pressure  gradient  is  nearly  constant.  T  his 
simplifies  the  calculations,  by  allowing  an  approximation  with  Falkner-Skan-Cooke  profiles. 

In  older  to  check  the  appioximation  of  the  i|uasi-2-dimcnxionality  more  thoroughly,  the  outer  flow  is  mea¬ 
sured  m  the  span  between  the  two  end-plates.  This  is  done  for  different  chordwise  positions  with  the  sub- 
miniattue  V-probes.  For  three  different  v.-posilions  the  l\- component  is  plotted  over  the  spanwi.se  direction 
(see  l  ig.  4).  The  velocity  variation  in  spanwisc  direction  is  2.5  %  over  X00  mm  showing  a  good  approxi¬ 
mation  of  the  quasi-2-dimensionality.  The  quality  of  the  experimental  realisation  of  such  a  flow  can  also  be 
checked  bv  examining  the  ('-component  (f  ig.  4).  In  quasi  2-D  flow  the  /'-component  should  also  he  con¬ 
stant  over  the  chordwise  direction.  The  error  amounts  to  3.5  %  over  the  ehordlcngth.  The  strongest  differ¬ 
ence  is  close  to  the  leading  edge  where  the  displacement  body  and  the  leading;  edge  of  the  flat  plate  influence 
the  flow.  Fhe  difference  may  partly  he  due  to  the  measurement  with  our  V-probes,  Close  to  the  leading  edge 
large  angles  of  the  flow  with  respect  to  the  probe  were  present  such  that  these  flow  angles  arc  underesti¬ 
mated  by  the  V-probes.  In  order  to  examine  the  variation  of  the  outer  flow  normal  to  the  surface,  some 
measurements  arc  also  done  for  the  flow  between  the  displacement  body  and  the  plate.  It  turned  out  that 
for  more  than  1.5  boundary  layer  thicknesses  the  velocity  is  constant,  that  means  close  to  the  flat  plate  a 
pressure  gradient  normal  to  the  surface  could  not  be  measured. 

Within  the  total  velocity  range  (y„  15  to  30  m/s)  chosen  for  the  experiment,  the  appropriate  parameter 

for  leading  edge  contamination  is  subcritical  and  also  no  leading  edge  contamination  can  be  observed.  The 
attachment  line  is  located  on  the  side  of  the  Hat  plate  where  the  measurements  were  performed.  Therefore, 
no  high  suction  peak  with  subsequent  '  mg  adverse  pressure  gradient  is  generated.  Consequently,  any 
small  disturbances  in  the  oncoming  flow  should  be  damped  in  the  front  part  of  our  model. 


t)  !Q0  200  100  c,00 


l  ig.  2:  1’iessun  distribution  measured  on  the  swept  back  flat-plate 

Stationary  vortices 

I  he  ocelli rencc  and  location  of  stationary  vortices  ate  Itaecd  with  the  aid  of  the  oil-flow  visualization  tech¬ 
nique  Fig.  5  shows  the  result  obtained  for  the  sweep  angle  of  <I>„  -  45  and  the  free  stream  Reynolds 
number  Re  r,  •  10',  at  which  the  hot-wire  measurements  arc  also  performed,  f  he  evenly  spaced  streaks, 
theiebv,  indicate  the  stationary  vortices  which  are  roughly  .aligned  with  the  flow  direction  outside  the 
boundary  layer  as  it  has  already  been  stated  in  a  number  of  experiments  (Michel  el  al.  [9|;  Poll  (  10];  Satie 
|  II  ];  Nilsehke-Kovvsky  and  ttippes  |  1  ])  I  he  First  occurrence  of  the  stationary  vortices  in  the  oil  flow  pat¬ 
tern  on  our  swept  back  flat  plate  is  observed  al  position  "r  c  0.42  corresponding  to  a  free  stream  Reynolds 
number  of  Fr,  ?5  •  10'  or  a  cross  flow  Reynolds  number  of  y  '*0.  fhe  spanwisc  spacing  is  2,  -  l>  to 
10  mm  or  expressed  in  non-dimensional  terms  2,  5  3T,  wheic  a  is  the  boundary  layer  thickness.  I  his 

value  roughly  agrees  with  results  of  Atn.al  et  al.  |  12  |  and  w  ith  calculations  of  Dallmann  and  Biclcr  |  2  ). 

In  order  to  examine  the  downstream  development  of  the  stationary  vortices  in  more  detail,  hot-wire  meas¬ 
urements  arc  carried  out.  The  velocity  distribution  across  three  vortices  is  paced  at  different  downstream 
positions.  Ihe  spanwisc  and  downstream  location  of  the  selected  voiticcs  is  identified  by  marking  the  foot¬ 
print  of  a  single  votlex  in  the  oil  flow  pattern  on  the  model.  Profiles  arc  measured  in  a  number  of  spanwisc 
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Fig.  7:  The  velocity  variation  for  a  constant  distance  xjc  =  0.7  from  the  leading  edge  over  the  spanwisc 

direction  measured  at  a  constant  wall  distance  zjb  =  0.24 


positions,  spaced  by  1.7  mm  or  0.15  wavelengths  {2e).  As  an  example  the  U,  and  V, -components  are  shown 
in  a  3-D-pfot  (Fig.  6)  for  three  .^-positions.  The  distance  from  the  wall  is  made  dimensionless  with  the 
boundary  layer  thickness  calculated  with  the  measured  pressure  distribution.  The  plots  show  the 

variation  of  the  velocity  profiles  in  spanwisc  direction  which  is  generated  by  the  stationary  vortices.  The 
location  of  the  maximum  variation  of  the  (7, -component  is  at  z/5  =  0.38  while  the  maximum  of  the  ^-var¬ 
iation  is  at  about  z/<5  =  0.22  at  a  chordlength  of  x,  /c  =  0.8.  The  results  show  the  deformation  of  the 
boundary  layer  profiles  due  to  the  stationary  vortices.  The  comparison  of  the  profiles  for  the  three  down¬ 
stream  positions  exhibit  the  growth  of  the  stationary  vortices. 

If  the  spanwise  variations  of  the  U,  and  V, -velocities  at  a  fixed  height  in  the  boundary  layer  are  compared 
with  one  another,  it  turns  out  that  there  exists  a  phase  shift  of  about  a  quarter  of  a  wavelength  between 
them  (see  Fig.  7).  This  justifies  the  solution  "ansatz"  of  the  stability  theory  which  provides  exactly  this  phase 
shift  in  the  modelling  for  the  perturbation  model,  which  in  the  ease  of  the  stationary  vortices  represents 
counter-rotating  vortex  pairs. 

The  wavelength  of  the  vortices  measured  with  the  use  of  the  hot-wire  probes  agrees  very  well  with  the 
wavelength  obtained  from  the  oil  flow  visualization.  However,  it  should  be  pointed  out  that  the  hot-wire 
anemometry  seems  to  be  more  sensitive,  as  it  shows  the  periodic  variations  in  an  earlier  stage  (*,.  /c  «  0.4), 
than  the  oil  flow  pattern.  Furthermore,  the  transition  point  seems  to  be  difficult  to  detect  in  the  oil  flow 
pattern,  as  the  evenly  spaced  streaks  are  still  visible  when  the  time  signal  of  the  velocity  fluctuations  meas¬ 
ured  with  the  hot-wire  technique  already  indicates  a  turbulent  flow  (see  Fig.  8).  This  is,  however,  not  sur¬ 
prising  as  the  stationary  vortices  do  not  burst  at  the  location  of  final  transition  but  gradually  decrease  in  the 
turbulent  boundary  layer  flow.  This  may  be  deduced  from  Fig.  8,  where  the  spanwise  variation  of  the  mean 
velocity  component  Us  is  displayed  at  a  fixed  position  xc  /c  for  different  frccstrcam  velocities  which  corre¬ 
spond  to  different  distances  to  the  transition  location. 

Fig.  9  shows  the  spatial  amplification  of  the  stationary  vortices  in  the  unstable  region.  It  is  important  to  note 
that  in  an  early  stage  of  the  transition  process  the  amplitudes  of  the  vortices  differ  considerably  from  one 
another  due  to  the  conditions  of  natural  transition  where  the  instabilities  arc  initiated  by  randomly  distrib¬ 
uted  disturbances.  The  initial  intensity  of  the  instability  modes  depends  on  the  disturbance  level  in  the  flow. 
When  no  artificial  disturbances  of  equal  amplitudes  arc  introduced  these  initial  disturbances  normally  differ 
from  vortex  to  vortex.  Within  the  transition  region  the  vortices  first  grow  exponentially  with  roughly  the 
same  growth  rate  (a,  «  8)  and  therefore  different  amplitudes  arc  observed  upstream  of  xjc  —  0.7  (y  =  141) 
for  the  chosen  free  stream  Re-number.  During  the  downstream  development  an  exchange  of  energy  between 
the  vortices  seems  to  take  place  so  that  the  amplitudes  of  the  vortices  level  out  and  retain  a  final  value.  The 
exchange  of  energy  attenuates  the  vortices  of  high  intensity  and  strengthens  the  vortices  of  weak  intensity 
(Fig.  10),  thus  modifying  the  amplification  rate  of  the  individual  vortices.  The  spread  of  the  measurements 
in  Fig.  9  accounts  for  this  observation.  The  qualitative  development  is  in  good  agreement  with  results 
obtained  by  a  numerical  simulation  code  (sec  F.  Meyer  [4]),  however,  the  experimental  growth  rate  for  the 
stationary  vortices  of  a,  w  8  is  about  30  %  smaller  than  in  the  calculations  (a,«l2). 

It  should  be  noted  that  for  the  chosen  frcc-strcam  conditions  final  transition  to  turbulence  is  not  reached 
on  the  plate.  A  linear  growth  is  observed  for  60  %  of  the  plate,  assuming  that  the  calculated  location  of 
neutral  stability  at  xjc  =  0.1  is  correct.  Then,  the  non-linear  part  expands  over  at  least  30  %  of  the  tran¬ 
sition  region  and  consequently,  is  an  non-negligible  range  of  the  transition  region.  Therefore,  (he  application 
of  the  e’-method  for  the  prediction  of  transition  in  3-d  boundary  layers  may  be  restricted.  But  as  shown 

further  below  also  in  the  range  of  exponential  growth,  there  is  an  interaction  between  stationary  and  tra¬ 
velling  waves. 
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Fig.  8:  a)  Mean  velocity  of  the  tVcomP(,ncnt  over  the  spanwisc  direction  at 

xjc  -  0.9  and  z  =  0.7  mm 

b)  temporal  fluctuations  of  the  (/.-component  for  the  spanwisc  locations  A  and  B  marked  in  Fig. 
8a 

In  the  mean  velocity  profiles,  the  influence  of  the  stationary  vortices  is  shown  (Fig.  1 1).  At  positions  down¬ 
stream  of  the  first  occurence  of  the  stationary  vortices,  the  profiles  arc  only  weakly  deformed  but  in  a  later 
stage  of  transition  the  velocity  profiles  exhibit  inflection  points  which  in  the  2-D  case  arc  known  as  being 
very  unstable.  The  V-component  has  changed  so  strongly  that  due  to  the  vortices  cross-over  profiles  exist 
at  some  spanwise  positions.  How  strongly  this  deformation  influences  the  actual  transition  process  and  what 
influence  these  profiles  have  on  secondary  instabilities,  is  investigated  by  Fischer  and  Dallmann  [13]  by 
means  of  a  secondary  stability  theory.  The  stationary  vortices  also  deform  the  profiles  of  the  basic  flow  by 
the  interaction  between  the  basic  flow  and  the  instability  so  that  the  boundary  layer  profiles  differ  from  the 
calculated  basic  flow.  A  closer  discussion  of  this  phenomenon  has  been  provided  by  F.  Meyer  and  Kleiscr 

ri-u 
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Fig.  9:  Amplification  of  the  stationary  vortices  in  tangential  and  cross-direction  over  the  chordlcngth, 

Tu  «  0.15,  *.  t-  ,o,x  disturbance  intensities  measured  in  different  individual  stationary  vortices 


Xc/  C  =  0.80  YcJmmi  Xc/  C  =  0.95  Yc  jmmj 

Fig.  10:  Flic  spanwisc  distribution  of  the  f '^-component  at  four  different  chord  positions.  Flic  amplitudes 
of  the  stationary  vortices  arc  levelling  out  dining  the  downslicam  development. 


IV.  Travelling  waves 

Besides  the  stationary  vortices  travelling  waves  arc  predicted  by  the  stability  theory.  Travelling  waves  are 
time-dependent  fluctuations  in  the  form  of  relatively  regular  oscillations  propagating  in  a  predominant 
direction  different  from  the  outer  flow  (Bippes  ct  al.  [5]).  The  amplitudes  of  the  travelling  waves  depend 
on  the  free  stream  Re-number  and  the  boundary  layer  thickness.  The  RMS-valuc  is  a  measure  of  the 
amplitudes  of  the  amplified  waves.  The  first  occurrence  of  travelling  waves  is  experimentally  observed  at 
about  c,  /c  =  0.4,  which  is  the  same  location  where  the  stationary  vortices  arc  first  identified  so  that  tra¬ 
velling  waves  and  stationary  vortices  appear  roughly  at  the  same  location.  The  frequency  range  (Fig.  12) 
of  the  travelling  waves  is  between  50  and  200  Flz.  This  is  in  very  good  agreement  with  the  stability  analysis 
of  Bicler  [14]  for  our  swept  flat  plate  model  (see  also  Nitschke-Kowsky  [f>]). 
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Fig.  14:  The  Us -  and  f>vclocity  profiles  for  different  spanwise  positions  at  a  chordlcngth  of  .t Jc  =  0.9 
measured  in  wind-tunnels  of  different  turbulence  levels. 


Fig.  15:  Amplification  of  (be  stationary  vortices  in  tangential  and  cross-direction  over  the  chordlcngth, 
Tu  *  0.05,  different  symbols  represent  disturbance  intensities  measured  in  different  individual 
stationary  vortices. 


Looking  at  the  RMS-valucs  in  spanwise  direction,  one  notices,  that  already  at  .r Jr  =  0.5  a  periodic  vari¬ 
ation  of  the  velocity-fluctuations  in  the  spanwise  direction  is  present.  The  wavelength  thereby  is  the  same 
as  the  one  of  the  stationary  vortices,  but  with  a  phase  shift  of  X/2  with  respect  to  the  (7, -component  (Fig. 
13).  Therefore  it  can  be  concluded  that  an  interaction  between  stationary  and  travelling  waves  takes  place 
already  in  an  early  stage  of  the  transition  process  such  that  at  spanwise  locations,  where  the  U, -component 
has  a  minimum  the  time  signal  {uRMS„„)  shows  higher  amplitudes  than  at  locations  where  U,  has  its 

maximum.  Therefore  the  amplification  of  the  travelling  waves  also  differs  between  these  spanwise  locations 
in  such  a  way,  that  the  amplification  rate  and  therefoie  the  amplitudes  of  the  travelling  waves  for  the  min¬ 
imum  of  the  (/^component  are  larger  than  at  the  location  of  the  maximum  of  the  (Vcomponent 
Consequentely  the  transition  to  turbulence  also  takes  place  first  at  a  spanwise  position  where  the  U- com¬ 
ponent  has  its  minimum. 
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V.  Influence  of  initial  conditions  on  the  development  of  instability 

One  of  the  major  questions  is  the  dependence  of  the  transition  process  on  the  specific  flow  characteristics 
of  the  used  wind  tunnel.  Therefore,  the  experiment  is  carried  out  in  different  facilities.  In  addition  to  the 
already  discussed  results  of  the  lm-wind  tunnel  in  Gottingen,  measurements  were  carried  out  in  a  3.25m  x 
2.75m  wind  tunnel  with  a  Tu-level  of  Tu  a-  0.05  and  a  closed  test-section  and  in  a  3m  x  3m  wind  tunnel 
with  an  open  test  section  and  a  turbulence  level  of  Tu  0.3  %.  In  addition,  some  experiments  were  per¬ 
formed  in  the  water  towing  tank  where  the  model  is  moved  through  the  stagnant  water  and  therefore  only 
body  vibrations  arc  present  but  no  free  stream  turbulence. 

The  most  striking  result  was,  that  the  stationary  vortices  forming  on  the  identical  model  attain  higher 
intensities  in  wind  tunnels  of  lower  turbulence  levels  than  in  wind  tunnels  with  higher  turbulence  levels  (Fig. 
14),  whereas  for  travelling  waves  smaller  intensities  are  measured.  The  wavelength  of  the  stationary  waves, 
however,  is  the  same  in  all  three  wind  tunnels  and  in  the  water  towing  tank  for  identical  Re-numbers  and 
sweep  angle  (Fig.  20-21).  In  the  first  part  of  the  transition  region,  where  exponential  growth  can  be  observed 
(Fig.  15),  the  amplitudes  of  the  stationary  vortices  measured  in  the  wind  tunnel  with  the  smallest  Tu-level 
of  0.05  %  are  more  amplified  than  the  others  (compare  Figs.  9  and  15).  The  experimental  growth  rate  (a, 
-  13)  for  the  stationary  vortices  is  in  good  agreement  with  the  theory  (a,  =  12),  if  the  experimental  error 
of  about  10%  is  taken  into  account.  The  limiting  amplitude  arrives  at  about  double  the  intensity  of  the  one 
measured  in  the  1-m  wind  tunnel.  The  dominance  of  the  stationary  vortices  in  low  turbulence  wind-tunnels 
agrees  also  with  the  observations  of  Saric  [II]  in  a  wind  tunnel  with  a  Tu-level  of  about  Tu  =  0.02%, 
where  he  measured  strong  stationary  vortices  but  no  travelling  waves.  The  surprising  oberservation  (Fig.  16) 
in  our  experiment  was  that  for  an  identical  model  the  higher  amplitudes  of  the  stationary  vortices  do  not 
seem  to  influence  the  transition  point  strongly.  At  location  xjc  =  0.95  first  turbulent  spots  can  be  detected 
in  the  lm-wind  tunnel  with  a  Tu-level  of  about  0.15  %  at  the  frccstrcam  velocity  =  19  m/s 
(Re  =  6.3-  10')  ,  this  was  not  the  case  in  the  wind  tunnel  with  a  Tu-level  of  0.05  %,  even  though  the 
amplitudes  of  the  stationary  vortices  arc  higher.  Therefore,  it  can  be  concluded  that  the  stationary  vortices 
do  not  play  the  major  role  in  the  transition  process.  As  already  mentioned  before,  the  model  is  also  used  in 
a  wind  tunnel  with  a  higher  Tu-level  of  0.3  %.  It  is  observed  that  at  a  position  xjc  -  0.6  no  stationary 
vortices  could  be  detected  (Fig.  17)  while  there  are  already  strong  vortices  present  in  the  other  tunnels. 
Transition  took  place  at  lower  free  stream  Re-numbers  of  about  Re  %  5.0  •  10s  compared  to  a  transition 
Re-number  of  Re  «  8.0  •  I05  at  the  3-m  wind  tunnel  with  a  Tu-level  of  about  Tu  =  0.05.  Consequently,  it 
can  be  concluded  that  on  an  identical  model  the  Tu-level  affects  the  stationary  vortices  in  a  way  that  lower 
Tu-levcls  increase  the  growth  rate  of  the  stationary  vortices  and  the  final  amplitude  of  the  stationary  vor¬ 
tices,  but  nevertheless  transition  occurs  at  slightly  higher  Reynolds  numbers. 

The  hydrogen  bubble  pictures  (Fig.  18)  taken  in  the  water  towing  tank  with  an  extremely  low  disturbance 
level  also  show  strongly  amplified  stationary  vortices.  The  wavelengths,  being  also  Re-numbcr-dcpcndent, 
agree  well  with  those  found  in  the  wind  tunnels  for  the  same  Re-number.  Unfortunately,  no  other  measuring 
technique  could  be  applied  so  far  for  the  tests  in  the  water  towing  tank  especially  with  regard  to  unsteady 
disturbances.  In  the  water  towing  tank  the  velocity  fluctuations  arc  so  weak  that  they  cannot  be  identified 
in  the  hydrogen  bubble  visualisations. 
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Fig.  16:  Time  signals  of  the  velocity  fluctuation  Us  +  u,'  at  the  two  spanwisc  positions  of  Vimr  and  U,ml„ 
marked  in  Fig.  1.3  for  two  different  Tu-levcls 
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Hip.  17:  Us-  and  rs-vclocity  profiles  for  different  spanwisc  locations  at  a  chordiength  of  xjr  —  0.6  by 
three  different  Til-levels 

It  is  known  that  in  an  unstable  boundary  layer  the  instability  modes  are  triggered  by  initial  disturbances  in 
the  oncoming  flow  and  by  surface  roughnesses.  In  order  to  understand  the  above  phenomena,  the  flat  plate 
modei  in  the  wind  tunnel  was  shifted  in  spanwisc  direction  to  find  out  whether  the  stationary  vortices  arc 
initiated  by  disturbances  on  the  plate  or  in  the  oncoming  flow.  The  stationary  vortices  arc  measured  at  a 
constant  distance  to  the  wall,  z/<5  =  0.24  over  roughly  7  wavelengths.  Then,  the  plate  was  moved  5  and  then 
9  mm  from  the  original  position  in  y,-dircction.  The  probes  stay  at  the  same  location  with  respect  to  the  wind 
tunnel.  Again,  the  y-traverse  is  carried  out  for  both  positions.  When  the  results  arc  plotted  in  a  plate-fixed 
coordinate  system  (Fig.  19),  all  the  stationary  vortices  are  at  the  same  location.  Therefore,  it  can  be  con¬ 
cluded  that  the  stationary  vortices  move  with  the  plate  and  therefore,  plate-fixed  disturbances  trigger  the 
vortices.  That  means  that  roughnesses  on  the  surface  or  manufacturing  tolerances  of  the  leading  edge  of  the 
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plate  initiate  stationary  vortices.  After  having  wiped  the  leading  edge  of  Ihc  piatc  in  order  to  remove  any 
dust  particle  only  minor  changes  could  he  observed,  however,  Ihc  stronger  vortices  are  still  present  with  the 
same  amplitude  as  before.  Therefore,  it  seems  likely,  that  the  vortices  arc  initiated  by  manufacturing  toler¬ 
ances  of  the  leading  edge  or  by  surface  roughnesses  rather  than  by  disturbances  in  the  oncoming  flow. 

Further  studies  of  the  originc  of  the  initial  disturbances  are  done  in  (he  water  (owing  tank.  To  change  the 
size  of  the  initial  disturbance,  a  screen  was  fixed  in  front  of  the  model.  Bbttchcr  [16]  examined  the  flow 
behind  screens  ns  used  in  the  settling  chambers  of  the  wind  tunnels  and  found  that  the  disturbances  behind 
screens  superimpose  a  spanwisc  periodicity  upon  the  flow  downstream  of  the  screen  until  they  reach  a  final 
amplitude.  Carrying  out  the  experiment  in  the  way  described  above,  the  wavelength  of  the  stationary  vor¬ 
tices  changed  to  larger  wavelengths  being  in  good  agreement  with  the  wavelength  Bbttchcr  [16]  has  exam¬ 
ined  for  flows  behind  grids.  The  results  (Table  I)  of  the  experiments  in  the  water  towing  tank  can  be 
explained  in  the  way  that  only  if  there  is  a  strong  spanwisc  variation  of  the  mean  velocity  in  the  oncoming 
flow  the  stationary  vortices  arc  initiated  by  disturbances  in  the  outer  flow.  Furthermore,  in  this  case,  the 
wavelength  does  not  depend  any  more  on  the  Re-number  (in  the  range  of  Re  “  3.5  •  I05  -  5.5  •  10s)  but  on 
the  geometry  of  the  screens  as  shown  in  [16], 

Another  feature  in  the  formation  of  the  wavelength  of  the  stationary  vortices  is  exhibited  in  Fig.  20.  This 
figure  shows  a  hot-wire  measurement  for  a  constant  distance  from  the  wall  at  zb 5  -  0.2  in  spanwisc  direc¬ 
tion.  One  notes  that  a  small  vortex  has  developed  in-between  the  first  and  third  vortex  with  a  smaller  wav¬ 
elength  of  0.67  A  and  a  smaller  amplitude  of  0.4  AC.  In  that  case  the  two  strong  vortices  arc  fixed  on  the 
plate,  however,  the  distance  between  them  does  not  match  the  physical  wavelength.  Instead  of  increasing  the 
wavelengths  of  the  two  strong  ones,  a  small  vortex  develops  in  between.  This  is  very  likely  to  happen,  if  the 
distance  between  two  vortices  created  by  strong  disturbances  differs  strongly  from  the  wavelength  which 
would  develop  naturally.  Further  downstream  they  become  levelled  out  as  described  above  so  that  in  the 
downstream  direction  the  vortex  pattern  develops  more  and  more  regularly. 

The  comparison  tests  in  facilities  with  different  Tu-lcvcls  on  the  same  model,  show  that  lower  Tu-level 
delays  the  onset  of  transition  although  the  stationary  vortices  are  more  amplified  in  wind-tunnels  with  lower 
Tu-levcls  than  in  one  with  higher.  In  the  case  of  lower  Tu-lcvcl,  the  travelling  waves  are  less  amplified 
(compare  Fig.  16,  further  experimental  evidence  to  this  phenomenon  has  to  be  published  in  a  later  paper). 
The  same  can  be  seen  in  the  water  towing  tank.  It  is  then  the  increase  of  the  Tu-lcvcl  caused  by  the  screen 
which  leads  to  earlier  transition  (Fig. 21).  It  should  be  mentioned  that  in  this  case  stationary  vortices  arc  also 
observed  but  with  a  wavelength  given  by  the  screen  and  not  by  the  flow  parameters. 
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b)  Hydrogen  bubble  flow 
visualization  photograph 
in  the  water  towing  tank, 
with  view  on  the  surface. 
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Tabic  I:  Wave  lengths  for  different  Re-numbers  with  and  without  a  screen  in  front  of  the  model  in  the 
water  towing  tank. 
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Fig.  I1?:  Mean  velocity  distribution  of  the  iVcomponent  over  the  span  wise  direction  for  3  different 
locations  of  the  model  with  respect  to  the  wind-tunnel  in  a  plate  fixed  coordinate  system  at  xjc 
=  0.7  and  z/5  =  0.24 


Fig.  20:  Mean  velocity  distribution  of  the  (^-component  at  xjc  -  0.7  and  z/i 5  0.24  over  the  spanwise 

direction  measured  in  a  wind-tunnel  with  Tu  =  0.05%. 
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Fig.  21a:  Hydrogen  bubble  flow  b)  Hydrogen  bubble  flow 
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13-14 

VI.  Conclusions 

Hoi-wire  measurements  have  been  carried  out  to  examine  the  development  of  stationary  and  travelling 
waves  in  a  three-dimensional  boundary  layer.  In  this  paper,  mainly  the  appearance  of  stationary  vortices  is 
discussed.  They  are  observed  with  a  wavelength  of  2,3:  3.3  5.  The  wavelength  is  independent  from  the  Tu- 
levcl,  however,  if  a  spanwisc  periodicity  is  superimposed  upon  the  flow,  then,  the  wavelength  is  initiated  by 
this  disturbance.  Otherwise,  there  is  evidence  that  the  stationary  vortices  arc  triggered  by  model  fixed  dis¬ 
turbances  like  surface  roughnesses  or  manufacturing  tolerances  of  the  leading  edge  of  the  flat  plate. 

The  development  of  the  stationary  vortices  is  examined.  In  the  wind  tunnel  with  a  Tu-lcvel  Tu  *  0.15  %, 
an  experimental  growth  of  a,  %  8  over  60  %  of  the  plate  is  first  observed,  then,  the  amplification  slows  down 
and  the  stationary  vortices  reach  a  final  amplitude  of  about  10  %  for  the  U-component  and  6  %  of  the 
V-component.  The  growth  rate  in  the  region  of  exponential  growth  is  about  30  %  less  than  the  calculated 
value  by  the  linear  stability  theory.  However,  for  a  wind-tunnel  with  a  Tu-lcvel  of  about  Tu  =  0.05  the 
growth  rate  for  the  stationary  vortices  agrees  well  with  the  one  predicted  by  linear  stability  theory  for  the 
swept  flat  plate  [14].  For  a  Tu-level  of  about  0.3  %  the  stationary  vortices  arc  much  weaker.  Consequently, 
the  Tu-level  seems  to  affect  the  stationary  vortices  on  the  same  model  so  that  lower  Tu-lcvcls  strengthen  the 
stationary  vortices.  However,  larger  amplitudes  of  the  stationary  vortices  do  not  seem  to  advance  transition. 
It  is  suggested  that  the  travelling  waves  play  the  more  important  role  in  the  transition  process. 

The  hot-wire  signal  shows  a  turbulent  flow  first  at  spanwisc  locations  where  the  Us-  velocity  has  a  minimum. 
It  was  further  observed  that  the  stationary  vortices  still  exist  when  fully  turbulent  How  is  present,  however, 
with  decreasing  amplitudes. 

The  mean  velocity  profiles  are  deformed  by  the  stationary  vortices.  In  a  late  stage  of  the  transition  process, 
the  deformation  is  so  strong  that  at  some  spanwisc  locations  cross-over  profiles  for  the  (^-component  and 
inflectional  profiles  for  the  (.^-component  exist.  These  profiles  are  very  unstable  and  may  introduce  sec¬ 
ondary  instabilities. 

Besides  the  stationary  vortices  travelling  waves  arc  examined.  The  range  of  amplified  waves  is  between  50 
and  200  Hz  which  agrees  well  with  the  linear  stability  theory.  The  RMS-prtifiles  show  already  at  an  early 
stage  in  the  transition  region  an  interaction  between  stationary  and  travelling  waves.  The  RMS-values  arc 
modulated  such  that  at  a  spanwisc  location  where  the  l/rvelocity  has  a  maximum  a  minimum  of  the 
RMS-valuc  is  present.  The  area  where  non  linear  effects  (no  exponential  growth,  interaction  between  dif¬ 
ferent  instability  modes)  arc  present  is  much  larger  than  in  a  two-dimensional  flow.  Therefore  transition 
criteria  based  on  the  linear  stability  theory  might  be  limited.  A  detailed  discussion  of  the  results  concerning 
travelling  waves  is  out  of  the  scope  of  this  paper  and  will  be  published  later. 
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The  fully  nonlinear  stage  of  two  dimensional  Poiseuiile  flow  undergoes  a  limit  cycle  bifurcation, 
whose  detailed  mechanism  is  studied  using  full  numerical  simulations  of  simple,  spatially  periodic 
cases.  It  is  also  shown  that  this  mechanism,  a  periodic  ejection  from  the  wall  layer,  underlies  the 
production  of  turbulence  in  more  complicated  two  dimensional  situations.  Vorticity  ejections  are 
also  present  in  the  sublayer  of  three  dimensional  channels.  Their  behaviour  is  studied  briefly  in 
three  dimensional  simulations.  A  simplified  mode!  system  is  then  proposed  and  studied.  There  are 
important  differences  between  the  two  ejections  mechanisms,  due  to  the  presence  of  three  dimen- 
nonal  vorticitv. 


It  is  generally  accepted  that  turbulence,  and,  in  particular,  wall  turbulence,  is  a  three  dimensional  phenomenon  in  which  processes 
such  as  hairpin  eddies  and  vortex  stretching  play  important  roles.  It  has  also  been  shown  recently  that  transition  to  turbulence 
in  wall  bounded  flows  is  intrinsically  three  dimensional,  even  if  linear  stability  theory  predicts  that  two  dimensional  disturbances 
are  unstable  at  lower  Reynolds  numbers  than  their  three  dimensional  counterpans.  It  appears  that  these  disturbances  are  indeed 
the  first  ones  to  grow,  but  that,  as  soon  as  their  amplitude  is  finite,  they  become  themselves  unstable  to  much  faster  three  dimen¬ 
sional  secondary  instabilities,  that  quickly  become  dominant,  and  lead  to  turbulent  breakdown.  As  such,  the  original  two  dimen¬ 
sional  disturbances  are  never  observed  in  their  full  amplitude,  nonlinearly  saturated,  state.  The  first  pan  of  this  paper,  however, 
deals  with  the  behaviour  of  precisely  those  nonlinear  two  dimensional  waves  in  channel  flows.  We  will  show  that  it  is  possible  to 
construct,  computationally,  s>  atistically  stationary  and  strictly  two  dimensional  flows  with  properties  such  as  chaotic  behaviour, 
ejections,  large  scale  mtermittency,  and  quasi  periodic  bursting,  all  of  which  are  observed  in  fully  turbulent  three  dimensional  flows. 
As  such,  and  even  if  the  range  of  behaviours  described  in  this  pan  of  the  paper  goes  from  the  laminar  to  the  chaotic,  it  should  not 
be  considered  as  a  study  of  turbulent  transition  in  channels,  but  as  a  model  for  fully  developed  turbulent  channel  flow.  A  model 
that  has  been  so  severely  truncated  in  the  spanwise  direction  that  it  is  actually  two  dimensional. 

Two  dimensional  turbulence  has  been  studied  often,  even  if  it  is  observed  experimentally  only  under  very  special  circumstances. 
There  are  several  reasons  for  that,  of  which  perhaps  the  most  important  is  that  it  provides  a  simplified  situation  in  which  to  study 
mechanisms  that  may  be  relevant  to  the  three  dimensional  case.  Two  dimensional  flows  are  much  easier  to  compute  and,  above 
all,  much  easier  to  observe  than  three  dimensional  ones,  and  the  mechanisms  that  act  in  them  can  generally  be  analysed  rather 
fully.  The  understanding  gained  from  these  analyses  can  sometimes  be  carried  into  three  dimensions,  even  if  only  as  an  indication 
of  which  features  are  intrinsically  three  dimensional,  and  which  ones  are  net. 

The  question  of  three  dimensionality  is  taken  up  in  the  next  two  sections  of  the  paper,  which  analyse  the  How  field  in  three  di¬ 
mensional  simulations  of  turbulent  channels.  First  we  deal  with  a  simulation  of  a  very  wide  channel,  that  can  be  considered  a 
natural  flow  without  constrains.  It  will  be  found  that  the  mechanisms  in  the  sublayer  have  many  features  in  common  with  those 
found  in  the  two  dimensional  case,  but  a  better  understanding  of  the  details  will  have  to  wait  until  we  discuss,  in  the  next  section, 
the  flow  in  a  simplified  model  channel  that  has  been  made  periodic  along  the  span  with  a  wavelength  of  the  order  of  the  streak 
spacing  in  the  sublayer.  The  result  will  be  a  tentative  model  for  the  events  in  the  wall  region,  including  the  effect  of  longitudinal 
vorticity. 

Spatially  periodic  Poiseuiile  flew  is  a  good  system  in  which  to  study  self  sustaining  turbulence.  Above  a  critical  Reynolds  number 
(Reg  =  5772),  it  becomes  linearly  unstable  and  develops  finite  amplitude  two  dimensional  motions  which  eventually  saturate 
(Herbert,  1976)  to  a  uniform  equilibrium  wavetrain.  This  new  state  is  subcritical,  and  can  be  continued  at  finite  amplitudes  to 
Reynolds  numbers  that  are  lower  than  the  linear  stability  threshold.  This  has  led  to  the  hope  that  these  equilibrium  wavetrains 
might  explain  the  observed  existence  of  real  (three  dimensional)  turbulence  at  subcritical  Reynolds  numbers.  This  does  not  eem 
to  be  true.  The  limit  for  two  dimensional  equilibrium  wavetrains  is  about  Reg  =  7500,  while  three  dimensional  turbulence  has  been 
ohserved  down  to  Ren-  1500.  Moreover,  the  uniform  wavetrain  appears  to  be  always  unstable.  At  high  Reynolds  numbers  it 
suffers  a  new  bifurcation  into  a  limit  cyclt,  resulting  in  a  periodic  ejection  of  vorticity  fro  m  the  wall  into  the  core  of  the  channel 
(JLrrencz,  I987).  At  all  Reynolds  numbers,  the  uniform  wavetrain  is  also  unstable  io  slow  modulations  in  amplitude,  leading  to  the 
appearance  of  isolated  structures  similar  to  turbulent  'puffs'',  "slugs"  and  other  features  observed  in  pipe  flow.  In  these  new  states, 
the  limit  cycle,  observed  in  the  uniform  wavetrains  at  high  Reynolds  numbers,  reappears  at  much  lower  ones,  and  the  process  leads 
directly  to  chaotic  flows  through  an  intermittency  transition  (Jimenez,  1988b). 

Sti)!,  it  has  been  shown  repeatedly  that  two  dimensional  channel  flows,  even  chaotic  ones,  are  too  organised  to  represent  ade¬ 
quately  real  three  dimensional  turbulence,  and  that  properties  such  as  wall  drag  and  turbulent  intensities  are  lower  than  they 
should  be  (Rozhdestvensky  &  Simakin,  1984).  Moreover,  it  is  well  known  that  besides  the  instabilities  mentioned  above,  the 
nonlinear  two  dimensional  wavetrains  are  unstable  to  a  much  stronger  three  dimensional  instability  that  leads  quickly  to  break¬ 
down  (Orszag  &  Patera,  1983).  Still,  our  method  will  be  to  study  simple  models,  in  part  for  their  own  sake,  and  in  part  in  the  hope 
that  similar  phenomena  hide  similar  mechanisms,  and  that  something  of  what  we  learn  in  two  dimensions  and  in  narrow  periodic 
channels  will  carry  into  the  less  constrained  real  flows. 


The  two  dimensional  channel 


PoiseuiUe  flow  is  initially  established  between  two  infinite  parallel  plates  at  y  =  ±  h,  with  a  parabolic  laminar  equilibrium  velocity 
profile.  It  is  governed  by  the  2D  vorticity  equation 

to,  +  q/y <x>x  -  tl/xvjy  =  Re~'v2(j},  (1) 

where  is  a  stream  function,  and 

CO  =  V2i tfr  (2) 

is  the  vorticity.  Throughout  this  paper  we  will  use  units  such  that  the  half  channel  'vidth  is  h  =  1.  and  the  volume  flux  per  unit  span, 
which  we  will  be  assume  to  be  independent  of  time,  is  O  =  4/3.  In  these  units,  the  initial  parabolic  velocity  profile  is 
L'(y)  -  1  -  y2  ,  and  a  natural  Reynolds  number  is  ReQ  =  3Q/4v  Eqs.  (1-2)  form  an  initial  value  problem  that  is  integrated  directly, 
without  any  turbulence  modelling,  using  a  pseudo-spectral  method,  that  is  described  in  (Jimenez,  1988a).  The  main  simplification, 
besides  that  of  two-dimensional  flow,  is  that  the  equations  are  solved  in  a  finite  computational  box,  of  streamwise  length  2nlx, 
where  *  is  a  wavenumber,  and  that  the  flow  is  assumed  to  extend  periodically  outside  that  box. 


As  mentioned  above,  at  low  Reynolds  number,  the  parabolic  profile  is  stable,  and  a  small  arbitrary  perturbation  dies.  Above 
Rea  =  5772  lx  =  1.02) ,  a  linear  instability  appears  and  initial  perturbations  grow  until  they  reach  a  saturated  nonlinear  state  which, 
because  of  the  constrain  of  spatial  periodicity  implicit  in  the  boundary  conditions,  is  a  uniform  train  of  nonlinear  waves  that,  by 
analogy  to  the  linear  case,  will  be  called  Tollmien  Schlichting  (T-S)  waves.  These  equilibrium  wavetrains  form  an  "upper  sheet' 
of  solutions,  parametcnsed  by  Ren  and  by  the  wavenumber  x,  that  has  been  mapped  in  (Zahn  el  al.,  1974,  Herbert,  1976)  and  ex¬ 
tends  in  a  narrow  range  of  wavenumbers  (a  0.9- 1 .7,  depending  on  ReQ),  and  down  to  a  subcritical  Reg  =  2500.  At  low  Reynolds 
numbers,  the  solutions  in  this  surface  are  not  only  stable,  but  attracting,  at  least  in  the  space  of  periodic  functions  with  period 
2ir/a,  and  can  be  reached  by  perturbing  the  laminar  flow  with  sufficiently  strong  finite  amplitude  initial  perturbations. 

The  general  character  of  these  equilibrium  wavetrains  can  be  seen  in  Fig.  1.  The  vorticity  distribution  in  the  core  of  the  channel 
is  dominated  by  two  large  vortices  of  alternating  sign,  which  are  just  a  deformation  of  the  original  laminar  vorticity  distribution. 
These  two  vortices  induce  strong  secondary  vorticity  peaks  at  the  walls,  to  accommodate  the  no-slip  condition.  In  the  units  de- 


FIG.  I  Vorticity  map  of  an  equilibrium  nonlinear  periodic 
Tollmien  Schlichting  wave  in  a  two  dimensional  channel. 
Vorticity  isolines  are:  0,  ±1.4.  ±2.8,  ±4.2;  dotted  lines  are 
zero  or  negative.  Req=  5000,  x=  1.0.  Top  map  is  full 
channel.  Bottom  is  a  blcw-up  of  the  wall  region  below 
.  .  =  0.2 


FIG.  4  Vorticity  map  of  an  chaotic  wave  train  in  a  two 
dimensional  channel.  Vorticity  isolines  »me  as  I'i6.  1 
Re0  =  7000,  x  =  0.25  . 


-  2y,  and  attains  it  maximum  value,  to  =  2  ,  at  the  lower  wall. 


FIG.  2  Vorticity  maps  of  a  bursting  two  dimensional  flc  . 
Time  is  from  top  to  bottom  and  axes  move  with  the  av¬ 
erage  perturbation.  Isolines  are:  0,  ±1.5,  ±3,  ±5,  ±7; 
dotted  lines  are  negative.  ReQ=  70c  O,  x=  1.0.  Time  be 
tween  frames,  1.6.  Each  plot  represents  two  identical 
computational  boxes. 


where  u  fixes  the  wall  shear  stress  and  the  pressure  drop  in  the  channel.  The  average  wall  vorticity  of  the  nonlinear  wavetrains  is 
somewhat  higher,  (ca  =  2.2  to  4.9  at  Reg  =  7000,  depending  on  the  wavenumber)  but  is  the  result  of  averaging  between  positive  and 
negative  vorticity  peaks  at  the  same  wall  whose  characteristic  value  is  u>peak  =  ±  6-15  (Fig.  l-b).  For  comparison,  the  average  wall 
vorticity  in  a  fully  turbulent  three  dimensional  channel,  at  Reg  =  7000,  is  m,  =  11.5  (  Dean,  1978). 

The  combined  effect  of  the  large  vortices  in  the  core  of  the  channel  and  the  secondary  vortices  at  the  wall  is  to  create  transversal 
velocities  which,  in  the  proper  frame  of  reference,  generate  a  stagnation  saddle  point  close  to  each  wall  (Fig.  1).  Along  the  unstable 
directions  from  these  saddles,  vorticity  from  the  wall  layer  leaks  into  the  core  and  feeds  the  large  diffuse  vortices  m  that  region. 
At  low  Reynolds  number,  this  situation  is  stable,  and  the  whole  arrangement  moves  with  a  convection  celerity  Uc  =  0.40-0.45,  with 
a  weak  dependence  on  Rer}  .  The  core  flow  is  essentially  inviscid,  and  viscous  effects  are  limited  to  a  thin  wall  layer. 

A  wall  shear  velocity  can  be  defined  as,  u.  =  {w/Regj'R-  ,  and  the  corresponding  expression  for  distance  in  wall  units  is 
;y  ■  In  these  units  the  thickness  of  the  wall  layer  is  of  the  order  of  10,  which  is  comparable  to  the  one  in  full  turbu¬ 
lent.  three  dimensional  situations,  and  the  convection  celerity  is  V~ ^  22,  which  corresponds  to  the  average  velocity  of  the  f.ow 
at  y-y*aU^  .25,  or  =  30.  As  we  will  see  in  the  next  sections,  this  last  value  is  too  high  when  compared  to  three  dimensional 
(lows. 

At  Reynolds  numbers  above  Reg  ==  5500,  this  situation  becomes  itself  unstable.  At  lower  Reg,  the  vorticity  of  the  separated  shear 
layers  is  diffused  by  viscosity  and  blends  steadily  into  the  extended  vortices  in  the  channel  core.  As  the  Reynolds  number  increases, 
viscous  diffusion  is  no  longer  sufficient  and  the  shear  layers  become  unsteady,  feeding  discrete  blobs  of  vorticity  into  the  channel. 
rhese  blobs  are  convected  along  the  centre  of  the  channel  at  a  faster  velocity  than  the  celerity  of  the  T-S  waves,  and  induce  their 
own  secondary  vorticity  perturbations  on  the  walls.  The  result  is  a  new  system  of  wall  vortices  that  interacts  with  the  original  one, 
producing  periodic  bursts"  of  the  separated  shear  layers,  fhese  bursts,  in  turn,  generate  the  vorticity  blobs  that  feed  the  instability, 
•vith  a  period  around  T=  13.  At  higher  Reynolds  numbers  (Reg  -  9100)  this  simple  limit  cycle  complicates  into  a  torus  with  two 
discrete  frequencies,  and  there  is  some  evidence  that,  at  still  high  Reg,  it  degenerates  into  temporal  chaos. 

Fig.  2  shows  one  "burst"  of  the  separated  layer  at  the  lower  wall.  The  frame  of  reference  in  this  figure  has  been  adjusted  to  move 
with  the  average  perturbation,  and  the  limit  cycle  appears  as  a  simple  extension  and  shrinking  of  the  vortex  sheet.  Note  that  in  this 
figure,  as  in  the  next  one,  we  have  represented  two  identical  wavelengths  of  the  simulation  to  aid  in  the  interpretation  as  the 
structures  move  across  the  boundary  of  the  computational  box.  Both  walls  burst  alternatively,  half  a  period  apart.  When  the 
vorticity  field  is  averaged  over  a  whole  period  of  the  limit  cycle,  in  axes  fixed  to  the  perturbation,  the  result  is  a  structure  looking 
a  lot  like  the  low  Reynolds  number  flow  field  in  Fig.  1.  Fig.  3  shows  the  result  of  subtracting  this  averaged  field  from  the  actual 
vorticity  distributions  at  different  moment;  of  the  limit  cycle,  and  represents  the  unsteady  part  of  the  flow.  The  part  of  this  figure 
displaying  the  whole  channel  shows  how  the  vortex  blobs  are  convected  along  the  channel  centre,  while  the  blow-up  of  the  wall 


FIG.  3  Unsteady  vorticity  maps  of  the  flow  in  Fig.  2.  See  text  for  explanation.  Isolines  are:  ±0.125,  ±0.5,  ±1,  ±1.5;  dotted  lines 
are  negative.  Left:  Full  channel.  Right:  Blow-up  of  wall  layer  below  y  -  =  0.2. 
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region  shews  the  system  of  secondary  vortices.  This  alternating  vortex  tram  carries  with  it  a  seqjencc  of  updrafts  and  downdrafts 
that  periodically  reinforce  or  weaken  the  stagnation  How  responsible  for  the  separated  layers,  and  they  form  tne  engine  that  dnves 
the  unsteady  part  the  ejections. 

This  feedback  process  is  not  restricted  to  spatiallv  periodic  flows.  When  the  periodicity  restriction  is  relaxed  by  running  the  sim¬ 
ulation  in  longer  boxes  containing  several  primary  wavelengths  x  «  1,  the  uniform  wavetrain  becomes  unstable  to  spatial  mod¬ 
ulations  of  the  amplitude,  and,  at  relatively  low  Reynolds  numbers  t  Re^  >  6000)  ,  becomes  disorganised  and  chaotic  (Jimenez, 
1988b).  Kven  m  this  case,  the  structure  of  each  wavelength  ;s  essentially  the  same  as  in  the  periodic  wavetrains,  although  their 
amplitudes  and  phases  are  now  disorganised,  from  the  study  of  movies  of  these  flows,  it  is  seen  that  the  basic  mechanism  for  the 
variability  of  the  ejections  is  the  same  as  in  the  limit  cycle:  vorticitv  ejected  from  one  wave  approaches  the  opposite  wall  and 
generates  an  induced  wall  vortex  that  modulates  the  next  ejection.  Therefore,  at  least  in  this  simple  two  dimensional  flow,  the 
mechanism  of  variability  and  turbulence  seem  to  be  the  modulation  of  wall  ejections  by  a  feedback  from  the  outer  part  of  the  flow. 
In  the  next  two  sections  we  will  inquire  whether  a  similar  mechanism  can  be  found  in  three  dimensional  flows. 


Three  dimensional  channels 

As  mentioned  in  the  introduction,  it  has  long  been  recognised  that  the  structure  of  wall  turbulence  in  boundary  layers  and  channels 
<s  three-dimensional.  A  generally  accepted  picture  is  that  blobs  of  low  velocity  fluid  are  ejected  from  the  wall  layer  and  interact 
with  the  mean  shear  to  produce  what  can  probably  be  described-trs" horseshde^sruges  (see  e.g.,  Cantwell,  1981 ).  The  mechanism 
that  triggers  the  initial  ejection  is.  however,  not  understood,  and  there  are  indications  that  the  processes  controlling  the  behaviour 
, if  the  viscous  sublaver.  where  these  ejections  originate,  are  different  from  those  active  in  the  outer  parts  of  the  boundary  layer. 


We  have  seer,  in  the  previous  section  that  a  similar  ejection  process  occurs  in  two  dimensional  channels,  and  that,  in  that  case,  it 
can  be  understood  in  terms  of  strong  shear  layers  that  originate  at  the  wall  and  extend  into  the  core.  The  way  in  which  (spanwtse) 
vorticitv  is  injected  into  the  core  flow  is  crucial  in  fixing  the  wall  shear  stress  and  the  pressure  drop  in  the  channel.  In  fact,  the  stress 
at  the  wall  is  equal  to  the  viscous  flux  of  vorticitv  per  unit  area  away  from  the  wall  Re~'c(oJdy  and,  since  the  total  vorticitv  flux 
across  planes  parallel  to  the  wall  is  independent  of  the  location  across  the  channel,  the  viscous  vorticity  transDort  of  the  wall  layer 
has  to  be  substituted  by  convective  fluxes  as  we  look  farri  er  into  the  core  flow.  These  fluxes  are  just  a  different  way  of  under¬ 
standing  the  Reynolds  stresses,  and  are  implemented  hv  the  shear  layers  which  are,  therefore,  the  ultimate  earners  of  wall  friction. 
Since  we  have  seen  tha  the  friction  coefficients  are  higher  in  three  dimensional  channels  than  in  two  dimensional  ones,  an  equiv¬ 
alent  ejection  mechanism  has  to  exist  in  three  dimensions. 

In  fact,  it  was  shown  in  i  Jimenez  et  at.,  1988)  that  the  sublayer  of  three  dimensional  turbulent  channels  is  dominated  by  thin,  and 
narrow,  shear  layers  of  high  co_„  which  protrude  into  the  core  flow.  They  were  observed  using  a  short  time  series  of  flow  fle'ds  e  - 
tracted  from  the  numeric d  simulation  described  in  (Kim.  Moin  &  Moser,  1987.  referred  from  now  on  as  KMM).  This  is  a  fully 
resolved  numerical  simulation,  at  Req  =  4200,  of  a  channel  which  is  4it  periodic  in  the  x  direction,  and  4tr/3  periodic  in  the  z  di¬ 
rection.  It  was  shown  in  (KMM)  that  its  statistical  properties  are  in  good  agreement  with  those  of  experimental  flows,  and  we  will 
consider  it  here  as  a  '  natural"  turbulent  channel.  A  cross  section  through  one  of  the  <x>!  ejections  is  shown  in  Fig.  5. 

There  are  some  important  differences  between  these  structures  and  those  in  the  2-D  calculations.  To  begin  with,  the  "wavelength" 
seems  to  be  shorter,  with  an  average  streamwise  separation  between  consecutive  features  x*  1-3  (in  wall  units,  x  200-500), 
while  the  2-D  nonlinear  T-S  waves  can  only  exist,  as  equilibrium  solutions,  for  wavelengths  in  a  range  x  =  4-6.5.  Also,  the  layers 
in  the  three  dimensional  channel  penetrate  less  into  the  core  flow,  appearing  to  level  off  at  a  distance  ofy  >  0.2,  (y '  ^  35)  away 
from  the  wall,  while  the  2-D  solutions  extend  all  the  way  to  the  channel  centre  line.  On  the  other  hand,  there  is  some  evidence,  in 
the  3-D  flow,  of  weaker  layers  that  do  extend  deeper  into  the  core. 

fhe  mam  difference,  however,  is  that  the  shear  layers  in  the  natural  channel  are  three  dimensional  structures,  with  a  spanwise  ex¬ 
tent  of  no  more  than  z  ~  0.3,  or  about  55  wall  units,  a ty '  =  6  (z  ^  0.4  at  the  wall).  They  appear  to  be  rooted  at  the  wall  in  elliptical 
"hot  "  spots  in  which  co2  is  at  least  25%  higher  than  its  average  wall  value,  and  they  extend  into  the  channel  with  typical  ejection 
angles  of  a  few  degrees.  The  "hot  spots"  can  be  used  to  detect  and  count  the  protruding  layers  and  to  follow  their  motion.  They 
move  with  a  convection  celerity  Vc  =  0.44  ,  which  is  in  surprisingly  good  agreement  with  the  celerity  of  the  2-D  nonlinear  waves. 
Although  the  significance  of  this  agreement  is  not  clear,  this  celerity  corresponds  to  the  average  flow  velocity  aty'  ~  10,  which  is 
still  well  inside  the  wall  layer,  suggesting  that  the  spots  and  the  layers  are  structures  linked  mainly  to  that  region. 


When  the  "hot  spots"  are  followed  into  the  flow  in  the  form  of  three  dimensional  iso-surfaces  of  z-vorticitv.  they  form  a  "forest" 
of  leaning  curving  "necks"  that  covers  much  of  the  wall  (Fig.  6)  It 's  possible  to  follow  the  evolution  of  these  structures  as  they 
move,  and  some  of  them  were  followed  for  fairly  long  periods,  long  enough  for  the  structure  to  move  several  channel  half  widths. 
In  the  course  of  their  life  they  reproduce,  giving  origin  to  new  structures,  and  we  were  able  to  observe  several  of  these  reproduction 


FIG.  5  Vorticity  (a>7)  map  of  an  x-y  section  of  ejection  structures  in  the  KMM  channel.  Dotted  lines:  <oz  =  -I  I  and  0;  dashed:  1.1 
and  2.2;  soiid:  3.2  to  1 7. 3.  Average  vorticity  at  wall:  iu2=l.l  .  bach  horizontal  tick  mark  represents  one  half  channel  width 
(x  "  =  180).  each  vertical  one.  v "  =  l7. 5  .  (From  Jimenez  et  a!..  19881. 
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processes.  First.  the  structure  stretches,  as  its  top  is  earned  forward  bv  the  faster  velocities  far  from  the  wall,  and  develops  a  small 
blob  of  stronger  voracity  at  its  head.  Next,  this  forward  blob  grows  considerably,  and  a  small  patch  of  strong  positive  voracity 
appears  at  the  wall.  By  this  time,  the  top  of  the  structure  is  about  40  wall  units  from  the  wall,  and  a  layer  of  negative  voracity  has 
developed  under  it.  separating  it  from  the  positive  voracity  at  the  wall  (see  Fig.  51.  It  is  not  clear  what  is  the  origin  of  this  negative 
voracity,  which  was  never  observed  at  the  wall  itself.  It  most  probably  comes  from  the  re-onentation  of  the  streamwise  or  vertical 
voracities  which,  ir.  this  late  stage  of  evolution  of  the  structure,  are  strongly  present  in  the  flow.  It  is  clear,  on  the  other  hand,  that 
the  presence  of  th:s  negative  voracity  is  important  in  inducing  new  positive  vorticity  at  the  wall  (to  maintain  the  no-slip  condition), 
and  that  this  effect  is  partly  responsible  for  the  appearance  of  the  secondary  wall  vortex  described  above.  Finally,  that  secondary 
vortex  grows  away  from  the  wail  and  fuses  with  the  tip  of  the  stretciung  layer.  At  this  moment,  the  tip  separates  from  us  parent 
structure,  forming  what  appears  to  be  the  'embryo'"  of  a  new  spot,  and  the  cycle  starts  again  (see  Jimenez  et  at..  1988). 

The  whole  reproduction  process  is  reminiscent  of  the  instability  process  for  2-D  linear  Tollmien-Schlichong  waves  (see  Belehov 
&  Cnmina'c.  1967)  Basically,  c- voracity  is  created  at  the  wall  and  diffuses  into  the  main  flow  through  viscosity,  creating  a  strong 
wall  vortex  layer,  with  an  average  thickness  of  10  wall  units.  If  some  part  of  this  layer  is  lifted  away  from  the  wad,  it  is  eventually 
earned  forward  by  the  How  (or.  equivalently,  by  its  own  induced  velocity).  It  is  easy  to  see  that,  if  the  vortex  layer  is  just  lifted, 
leaving  a  "hole”  of  zero  (weak!  voracity  underneath,  no  extra  vorticity  is  required  to  accommodate  the  no-slip  condition.  However, 
the  resulting  flow  field  develops  an  updraft  at  the  forward  end  of  the  weak  vorticity  zone,  and  a  stagnation  point  (in  convecting 
axes)  whose  combined  effect  is  to  keep  pumping  new  positive  vorticity  away  from  the  wall  along  the  separated  shear  layer.  Even¬ 
tually,  this  extra  vorticity  would  end  up  inducing  a  secondary  vortex  of  opposite  sign  at  the  wall  (Fig.  12).  This  is  basically  the 
equilibrium  configuration  reached  in  two  dimensions,  but  is  never  observed  in  3-D.  Before  that  happens,  negative  r  -vorticity  ap¬ 
pears  in  the  interior  of  the  flow,  probably  through  three  dimensional  effects  which  will  he  discussed  in  the  next  section,  and  this 
new  layer  overcomes  the  effect  on  the  wall  of  the  original  structure,  inducing  the  new  positive  wall  vortex.  The  moment  that  a 
strong  vortex  pair  in  formed  in  this  fashion,  underneath  the  original  structure,  an  updraft  is  created  th*’  •••.rries  part  of  the  positive 
and  negative  vorticity  into  the  upper  part  of  the  structure.  The  negative  vorticity  cuts  the  connection  between  the  head  and  the 
base  of  old  structure  (through  viscous  annihilation),  while  the  positive  vorticity  connects  with  the  head  of  the  old  structure  to  form 
a  new  ejection. 

Note  that  this  mechanism,  with  minor  variations,  is  the  same  one  invoked  for  the  ejections  in  two  dimensional  channels,  involving 
the  Injection  of  vorticity  into  the  flow  along  an  stagnation  point,  and  the  generation  of  a  spanwise  secondary  vortex  pair  at  the 
wall,  which  produces  a  new  updraft,  and  is  responsible  for  the  unsteady  part  of  the  ejection.  This  is  essentially  a  two  dimensional 
process,  involving  no  streamwise  vorticity,  and  is  fundamentally  different  from  the  commonly  quoted  picture,  which  is  dominated 
by  self  induction  from  hairpin  vortices.  We  have  shown  that  it  is  enough  to  explain  many  of  the  features  observed  in  the  simu¬ 
lation.  It  Is  nevertheless  clear  that  longitudinal  vorticity  is  present  in  the  (low,  especially  away  from  the  wall,  and  that  some  three 
dimensional  mechanism  has  to  be  responsible  for  preventing  the  lateral  spread  of  the  shear  layer  into  long  spanwise  bands  These 
effects  will  be  discussed  in  the  next  section,  in  the  context  of  a  simplified  model  system. 


A  simplified  three  dimensional  flow 

The  three  dimensional  structures  described  in  the  previous  section  are  difficult  to  study  due  to  the  sheer  volume  of  data  involved, 
and  to  the  wealth  of  phenomena  present.  Full  numerical  simulations  of  natural  flows  arc  essentially  indistinguishable  from  exper¬ 
iments  and,  although  the  diagnostic  tools  are  better  developed  in  numerical  (lows  than  in  physical  ones,  the  full  complication  of 
turbulence  is  also  present  in  the  simulations,  making  the  analysis  of  individual  mechanisms  very  difficult.  On  the  other  hand,  an 
advantage  of  numerical  simulations  is  the  possibility  of  studying  simplified  systems  that  cannot  be  conveniently  set  up  exper¬ 
imentally,  and  that,  hopefully,  isolate  particular  aspects  of  a  flow,  while  still  retaining  enough  of  the  physics  to  be  relevant  to  the 
original  situation.  While  it  is  important  to  realise  that  these  simplified  systems  are  not  the  real  thing,  and  that  any  extrapolation 
to  the  full  flow  has  to  be  done  with  care,  a  lot  of  insight  can  be  gained  from  them.  This  simplifying  freedom  of  the  numerical 
simulations  is  perhaps  the  characteristic  that  sets  the  •  e  clearly  apart  from  experiments. 


FIG.  7  Vonicity  (<ot)  map  of  an  x-y  section  of  the  a  x  S 
FIG.  6  Three  dimensional  representation  of  the  vorticity  channel  described  in  the  text.  Note  the  laminar  two- 

isosurfaces  extending  away  from  the  viscous  sublayer.  The  dimensional  flow  near  the  top  wall,  and  the  iurbulent 

isosurface  represented  is  approximately  25%  higher  than  cha.aci.er  near  tlie  bottom  one.  Vorticity  isoli.ies. 

the  average  wall  value.  (From  Jimenez  «  al.,  1988).  = -3, -2, -1,  0,  I  4,  7,  10.  Dotted  lines,  zero  or  nega¬ 

tive. 
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An  extreme  example  is  the  two  dimensional  How  studied  ir  the  first  part  of  this  paper.  It  was  shown  that  a  simple  oscillator  exists 
in  the  wall  region  of  that  channel,  driven  bv  the  coupling  of  the  vorticity  ejections  from  consecutive  waves  in  an  equilibrium 
wavetrain,  and  that  this  oscillator  seems  to  feed"  the  transition  of  that  flow  to  two  dimensional  turbulence.  It  is  tempting  to  ex¬ 
tend  this  general  model  to  the  behaviour  of  the  vorticity  ejections  in  the  wall  layer  in  three  dimensions,  even  if  the  detailed  in¬ 
duction  mechanisms  might  be  different  in  that  case.  In  the  full  How,  however,  there  are  too  many  ejections  and  their  positions  and 
phases  are  too  disorganised  to  try  seriously  to  understand  their  behaviour. 

With  .his  in  mind,  we  will  attempt  to  define  a  "constrained"  three  dimensional  channel  that  would  still  retain  the  ejections,  but 
with  less  variation  in  their  strengths  and  positions.  The  :Jca,  as  in  the  two  dimensional  flow,  i>  to  organise  the  How  field  by  mating 
it  periodic  along  its  two  homogeneous  directions  (stream  and  span- wise).  If  successful,  this  would  convert  the  randomly  appearing 
ejections  into  a  uniform,  doubly  periodic,  wave  "array".  The  transversal,  wall  to  wall,  structure  of  the  channel  would  not  be  con- 
-tramed  in  any  way.  A  rough  count  of  "hot  spots"  in  the  sublayer  of  the  KMM  channel  suggests  a  longitudinal  wavelength  of  1-4 
^channel  hall' widths  I,  equivalent  to  200-500  wall  units  (Jimenez  ei  at..  1988).  and  a  spanwnse  spacing  of  the  order  of  0.5  (100  wall 
units).  This  last  number  is  consistent  with  the  generally  accepted  spacing  of  longitudinal  streaks  in  experimental  sublayers. 

1  nfortunately,  an  early  attempt  to  run  a  channel  in  a  computational  box  of  this  size  1 2ir/5  *  */8.  R*q  =  7000),  failed;  a  strong  initial 
perturbation  quickly  decayed  to  laminar  ilow.  J'hc  shortest  computational  box  that  we  found  to  be  able  to  maintain  a  turbulent 
ilow  for  a  long  time,  at  this  Re0.  was  a  narrow  one.  with  a  longitudinal  wavelength  of  it  and  a  spanwise  one  of  x/ 8.  Actually,  this 
channel  decays  to  an  asymmetric  state,  in  which  one  on  the  walls  is  laminar,  and  the  other  one  turbulent  (Fig.  7).  While  this 
channel  was  not  run  for  a  very  long  time  j  7s  200)  .  and  it  is  not  sure  that  this  is  really  its  long  time  asymptotic  state,  another  box 
:2-  -  Si,  exhibiting  the  same  odd  behaviour,  was  run  much  longer  (  7b:  1 500),  without  any  signs  of  either  the  laminar  wall  turning 

turbulent,  or  the  turbulent  one  turning  laminar  file  results  reported  in  this  section  refer  to  the  short  box  { r.  •  x.  8)  and  assume  that 
e  asymmetric  state  is  really  a  long  time  limit. 


Fig  8  shows  the  mean  profiles  for  the  basic  statistical  quantities  for  that  channel.  The  asymmetry  of  the  How  is  evident,  as  is  the 
fact  that  the  upper  wall  is  two-dimensional,  since  vS  vanishes  in  that  region.  The  two  other  components  of  the  fluctuation  velocity 
remain  non-zero  near  the  upper  wall  and,  even  if'  no  detailed  comparisons  were  made,  that  part  of  the  flow  looks  similar  to  the  two 
dimensional  channels  uesenbed  in  the  first  part  of  the  paper.  The  profiles  near  the  lower  wall,  on  the  other  hand,  look  consistent 
with  a  fully  turbulent  flow.  The  average  vorticity  at  that  wall  is  5.  =  7.9,  corresponding  to  a  wall  shear  velocity  u.  =  0.0336,  and 
to  a  wall  Reynolds  number  Re,  =  u-h/v  =  235.  This  stress  is  onlv  70%  of  the  value  recommended  by  Dean  (1978)  for  a  fully  de¬ 
veloped  turbulent  channel  at  the  same  Re0.  hut  it  is  still  more  than  twice  higher  than  the  stress  observed  lor  the  two  dimensional 
channels.  Moreover,  when  the  profiles  near  the  lower  wail  are  represented  in  wall  units,  using  the  actual  u,  ,  the  results  collapse 
reasonably  well  with  the  experimental  results  at  similar  Re,  (Fig.  9).  Also,  most  of  the  discrepancies  between  the  simulation  and 
the  expenments,  below  y '  =  50,  are  similar  to  those  observed  for  the  full  channel  in  KMM.  In  particular,  the  large  defect  in  W  . 
which  could  be  blamed  on  the  narrow  spanwise  wavelength  of  the  computational  box,  was  also  observed  in  that  paper. 

In  summarv.  the  basic  statistical  properties  of  the  r.  ■  .t/8  channel,  near  the  lower  wall,  correspond  closelv  to  those  of  natural  nows 
for  y  '  <  50.  Above  that  range  there  are  noticeable  discrepancies  and,  in  particular,  the  slope  of  the  log  layer  is  incorrect.  This  is 
probably  related  to  the  inability  of  the  turbulent  How  to  penetrate  all  the  way  across  the  channel.  In  wall  units,  the  width  of  the 
computational  box  is  c  '  =  92  (x~  =  740).  While  this  spanwise  wavelength  might  be  appropnate  to  represent  the  streaky  structure 
in  the  sublayer,  it  has  never  been  observed  experimentally  outside  it.  The  structures  in  the  outer  part  of  the  layer  are  presumably 
larger  (Cantwell,  1981)  and,  consequently,  do  not  fit  easily  in  the  box.  Thus,  the  narrow  channel  appears  to  be  a  suitable  model 
for  events  in  the  sublayer,  but  not  for  the  rest  of  the  flow.  The  fact  that,  even  under  those  conditions,  the  How  develops  a  turbulent 
structure,  and  is  able  to  sustain  a  sublayer  that  looks  similar  to  the  experimental  one,  is  significant  in  itself,  and  suggests  that  the 
sublayer  is  a  largely  self  contained  system,  loosely  coupled  to  the  rest  of  the  channel. 

!he  hot  spots'  of  high  wall  described  in  the  previous  section,  arc  also  found  here.  There  is  usually  one  spot  across  the  width 
of  the  box,  and  one  or  two  in  each  longitudma!  wavelength  (Fig.  10).  When  they  are  quiescent,  they  move  with  a  celerity 
l  sO.36.  This  is  lower  than  the  celerity  observed  for  the  full  channel  in  the  previous  section  but.  when  expressed  in  wall  units,  both 
values  become  much  closer;  17  sl0.7  for  the  narrow  channel,  and  Uc‘  =  1 0.4  for  the  wide  one.  Individual  spots  have  a  lifetime  on 
the  order  of  T-  10,  during  which  they  move  about  x '  =  1000.  After  this  time,  they  seem  to  elongate  forward  and  "split",  in  a 
process  that  seems  to  be  similar  to  the  one  described  in  the  previous  section  for  the  full  channel.  Contrary  to  the  observation  in 
(Jimenez  el  a/..  1988)  that,  in  the  full  channel,  it  was  difficult  to  correlate  the  longitudinal  vorticity  it  the  wall  with  the  presence 
of  the  spots,  it  is  clear  here  that  there  is  ar-vorticity  Hanking  active  spots,  especially  those  in  the  process  of  splitting  (Fig.  10-c). 
The  new  spots  created  in  this  way  move  ahead,  and  to  one  side,  of  their  parent  structures,  with  the  result  that,  when  several  spots 
are  present  in  a  single  wavelength  of  the  narrow  channel,  their  arrangement  looks  staggered. 

As  described  in  the  previous  section,  the  spots  are  the  roots  of  thin  elongated  layers  of  intense  u>2  which  protrude  into  the  channel 
at  shallow  angles.  The  structure  of  these  layers  can  be  studied  in  Fig.  1 1  which  shows  the  distribution  of  the  three  vorticity  com¬ 
ponents  in  a  sequence  of  transversal  sections  of  one  of  them.  As  in  the  previous  figure,  these  sections  include  two  identical 
spanwise  wavelengths,  to  aid  in  the  interpretations  of  the  maps. 

Two  features  are  apparent  in  the  maps:  first,  the  presence  of  a  well  defined  vortex  layer  near  the  wall,  with  intensities  that  are 
an  order  of  magnitude  larger  than  those  in  the  rest  of  the  flow,  and  the  character  of  the  shear  layers  as  pa'ches  of  the  wall  layer 
that  have  been  lifted  away,  leaving  behind  an  empty  "trench",  in  which  the  wall  shear  is  much  weaker  and,  in  fact,  comparable  to 
the  ralues  typical  of  the  laminar  channel.  Theie  is  also  negative  'O.  in  the  Ilow,  but  it  only  appears  well  into  the  channel,  and  it 
does  not  seem  to  originate  from  the  wall.  As  pointed  before,  it  most  probably  comes  from  the  secondary  rotation  ofto,  or  coy,  once 
the  flow  becomes  complex  in  that  region. 

The  <ay  map  ,s  dominated  by  vertical  "walls"  thai  connect  the  strong  < u2  and  u>x  features  to  the  wall  layer.  This  has  to  be  so  The 
only  source  of  circulation  is  the  viscous  interaction  at  the  wall,  and  all  the  strong  vortices,  of  whatever  sign  and  direction,  even¬ 
tually  have  to  be  connected  to  that  source.  Small,  localised  regions  of  intense  vorticity  can  be  generated  by  stretching,  but  any 
appreciably  strong  circulation  can  onlv  come  from  a  reasonably  large  piece  of  the  wall  layer  that  has  been  lifted  and  deformed. 
The  <oB  "sidewalls"  are  the  connections  of  these  pieces  to  the  parts  of  the  wall  layer  that  still  remain  "in  place". 


1. 


FIG.  8  Profiles  for  the  statistical  properties  of  the  n  x  jr/8  channel.  Left,  average  velocity  and  laminar  profile  with  the  same  mass 
flux.  Centre,  turbulent  r.m.s.  intensities.  Solid  line:  i/;  dashed:  v';  dot-dashed:  w\  Right,  Reynolds  stress. 


FIG.  9  Profiles  for  the  statistical  properties  at  the  lower  wall  region  of  the  it  x  rt/8  channel,  expressed  in  wall  units.  Symbols  are 
experimental  data,  re-scaled  to  a  6%  higher  u,  .  as  in  KMM.  Left  and  right,  data  from  Eckelmann  (1974),  at  Re,  =  208.  Centre, 
turbulent  intensities  from  Kreplin  &  Fckelmann  (1979),  Re,  =  194,  For  the  present  run,  Rez  =  235. 
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FIG.  10  Detail  of  the  flow  near  the  lower  wall  in  Fig.  7. 
Horizontal  extent  is  full  channel  length,  a:  map  of  an 
x-y  section  of  the  channel.  Vertical  extent  of  map, 
v  =  0.45,  y~  -  100.  Contours:  coz  =  0  (dotted),  3,  6,  9,  12. 
b:  'jj,  at  the  wall.  Flow  from  left  to  right,  r-extent  of  map 
is  two  identical  channel  widths  (z~  =  175)  .  Contours: 
uj,  =  6.  8,  10.  12.  14.  c:  iox  at  the  wall.  Dimensions  iden¬ 
tical  to  b.  Contours:  co,  =  ±  0.5,  ±1.5,  ±2.5.  Dotted  lines, 
negative. 


b 


FIG.  1 1  Transversal  z-y  sections  of  flow  near  lower  wall.  Horizontal  extent  is  two  channel  widths;  vertical,  y  *  =  40.  Streamwise 
distance  between  sections,  x~  =23,  left  to  right.  Set  corresponds  to  first  quarter  of  Fig.  9.  Top:  wz.  Contours:  0  (dotted),  2,  4, 
6,  8.  Shaded  area,  >  6.  Middle  and  bottom:  tox  and  <ay.  Contours:  oi,  =  ±  0.5,  ±1.5,  ±2.5.  Dotted  lines,  negative. 
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The  map  of  longitudinal  vorticity,  u >x  ,  is  also  well  organised.  There  are  periodic  arrays  of  longitudinal  vortices  of  alternating  sign 
that  appear  at  the  wall  and  then  lift,  following  roughiy  the  direction  of  the  uiz  layers.  They  are  also  in  phase  with  the  spanwise 
modulation  of  the  thickness  of  the  wall  to.  layer,  and  tend  to  be  located  at  the  points  where  the  slope  of  this  variation  is  maximum. 
In  fact,  the  effect  of  this  array  of  w- vortices  is  to  produce  an  up-draft  in  those  locations  in  which  the  to.  layer  separates  from  the 
wall  (the  'trenches"),  and  a  down-draft  where  it  stays  attached  (the  "ridges").  Also,  since  the  longitudinal  velocity  is  zero  at  the 
wall  and  since  to.  =  it' joy  at  that  point,  the  trenches  correspond  exactly  to  the  low  velocity  streaks  of  the  experimenters. 

An  obvious  feature  of  the  maps  in  Fig  1 1  is  that  there  are  several  vortex  systems  stacked  on  top  of  one  another.  This  is  most 
evident  in  wt,  in  which  three  different  levels  can  be  easily  distinguished:  a  strong  vortex  pair  that  runs  diagonally  from  bottom-left 
to  top-right,  a  younger  system  that  originates  near  the  centre  section  and  lifts  to  the  right,  and  an  older  one  that  rides  on  top  of 
the  other  two,  and  leaves  the  field  of  view  near  the  middle  of  the  picture.  The  same  layered  structure  can  be  traced  in  the  to!  map, 
with  the  to.  features  interleaved  in  between  the  <oK  layers.  The  most  striking  characteristic  of  this  arrangement  is  that  the  vertical 
stacking  is  alternating;  positive  .r-vortiees  overlay  negative  ones,  and  ridges  overlay  trenches.  When  other  structures  are  ob¬ 
served  m  other  frames  of  the  simulation,  there  arc  many  variations  and  complications,  but  the  layered  structure  and  the  sign  al¬ 
ternation  seems  to  be  a  most  common  feature.  The  angle  that  the  structures  form  with  the  wall  is  about  20°. 


Discussion 

We  have  discussed  in  the  previous  sections  a  variety  of  phenomena  related  to  the  behaviour  of  the  viscous  sublayer  of  turbulent 
channel  flows.  We  will  try  here  to  discuss  the  relation,  if  any,  among  them  and  to  draw  a  series  of  cartoons  of  the  possible  sequence 
of  events  in  the  sublayer  of  natural  turbulent  channels,  as  suggested  by  the  partial  views  that  we  have  presented  up  to  now.  In 
essence,  we  will  try  to  reconstruct  the  "elephant"  of  the  classical  tale  and,  as  such,  our  picture  will  probably  be  erroneous  or  in¬ 
complete.  Much  of  the  evidence  will  come  from  "elephants  in  captivity",  such  as  the  two  dimensional  or  the  spanwise  penodic 
channel.  Our  hope  is  that  some  of  the  features  seen  in  those  simplified  flows  correspond  to  partial  aspects  of  real  structures,  and 
that  we  will  be  able  to  choose  the  right  ones.  The  experience  with  the  transition  to  turbulence  in  the  two  dimensional  channel  is 
encouraging.  There,  at  least,  the  simple  limit  cycle  of  the  periodic  wavetrains  seems  to  be  still  an  important  dynamical  feature  o. 
the  "wilder"  turbulent  flow.  Still,  it  should  be  remembered  that  serious  hunters  claim  that  an  elephant  in  a  zoo  has  nothing  to  do 
with  real  beast  in  the  wild. 

The  basic  mechamsm  of  ejection  in  two  dimensions  seems  to  be  clear  (Fig.  12).  if,  for  any  reason,  a  patch  in  the  wall  vortex  layer 
breaks  away  from  the  wall,  the  vertical  velocities  induced  at  the  edges  of  the  resulting  spanwise  "trench"  will,  first,  tend  to  rotate 
it  into  a  little  forward  rising  ramp,  and,  then,  to  stre'ch  the  resulting  shear  layer  forward,  forming  a  permanent  path  along  which 
vorticity  can  bleed  from  the  wall  into  the  outside  flow,  along  the  unstable  direction  of  a  saddle  point  that  forms  at  its  base.  The 
process  eventually  stops  when  the  extra  positive  vorticity  in  the  separated  layer  induces  a  secondary  negative  vortex  at  the  wall. 
This  vortex  widens  the  trench,  weakening  the  saddle  until  the  vorticity  outflow  stops.  In  fact,  the  result  of  this  process  is  the  cre¬ 
ation  ol  a  new  saddle  ahead  of  the  negative  vortex  that  regenerates  the  ejection  at  a  new  location. 

The  final  Mage  of  this  process,  in  a  simplified  penodic  situation,  is  the  nonlinear  wavetrain  that  was  discussed  in  the  first  part  of 
the  paper.  In  more  complicated  situations,  it  leads  to  the  unsteady  limit  cycle  or  to  the  chaotic  flows  also  discussed  there.  Since 
the  only  prerequisite  for  this  process  is  a  streamwise  variation  of  the  strength  of  w.  in  the  wall  layer,  and  since  we  have  shown  that 
three  dimensional  channels  have  strong  vanations  of  this  kind  (the  "hot  spots"),  it  is  clear  that  this  process  also  has  to  be  active 
in  three  dimensions.  In  fact,  the  observation  of  strong  separated  to2  layers  confirms  that  predictions.  However,  both  the  hot  spots 
and  the  layers  have  only  a  finite  spanwise  extent,  and  the  general  disposition  of  the  wall  layer  should  look,  from  observations, 
something  like  Fig.  13.  This  three  dimensional  arrangement  has  important  consequences  since,  immediately,  all  the  other  com¬ 
ponents  of  vorticity  appear  in  the  flow.  The  most  obvious  is  <oy,  which  must  appear  in  the  form  of  the  vortex  "sidewalls",  linking 
the  sides  of  the  lifted  ramps  to  the  wall  layer  where  they  originated.  These  toy  walls  were  clearly  observed  in  the  narrow  channel, 
and  were  also  reported  for  the  wide  channel  in  (Jimenez  el  at.,  1988).  Also,  as  the  vortex  ramps  are  carried  forward  by  the  effect 
of  the  <o2  wall  layer,  their  sides,  which  are  rooted  to  the  wall,  and  which  do  not  move,  are  stretched,  forming  two  counter-rotating 
<ox  vortices  (Fig.  14).  This  is  the  classical  view  of  the  formations  of  "hairpins". 

It  is  important  to  realise  that,  although  a  single  hairpin,  formed  in  this  fashion,  will  tend  to  lift  away  from  the  wall,  an  array  of 
them,  penodic  across  the  span,  will  not.  In  fact,  such  an  array  is  equivalent  to  an  equidistant  array  of  alternating  vortices,  which 
is  an  equilibrium  arrangement  that  will  not  move  at  all.  The  x-vortices  observed  in  the  periodic  channel  form,  at  least  near  the 
wall,  a  roughly  equidistant  array,  with  each  negative  vortex  lying  approximately  at  the  mid  point  between  the  two  neighbouring 
positive  ones  (Fig.  11).  This  might  be  an  artefact  of  the  periodicity  imposed  to  the  simulation,  but  that  periodicity  was  included 
?"  model  a  very  strong,  experimentally  recognised  period  of  natural  flows,  and  therefore,  probably  represents  an  mportant  part 
of  the  behaviour  of  the  unconstramed  channel.  This  is  also  suggested  by  the  similarity  of  the  dimensionless  statistical  profiles  of 
the  two  sublayers.  If  this  is  so,  the  only  mechanism  available  to  iift  the  hairpins  from  the  wall  is  the  same  to.  induction  discussed 
in  two  dimensions. 

The  x- vortices,  however,  have  several  important  effects.  The  first  one  is  shown  in  Fig.  15,  and  is  to  buckle  inwards  the  <oy 
"sidewalls"  that  form  the  sides  of  the  ramps.  This  is  equivalent  to  creating  negative  z-vorticity  underneath  the  ramps,  and  is  the 
most  likely  origin  for  the  negative  vortex  sheet  that  was  observed  to  form,  away  from  the  wall,  both  in  the  narrow  and  in  the  wide 
three  dimensional  channels.  This  is  a  faster  process  than  the  induction  of  negative  vorticity  at  the  wall,  and  will  tend  to  shield  the 
effect  of  the  rising  ramp  faster  than  the  two  dimensional  process.  This  might  be  one  of  the  reasons  why  the  charactenstic  wave¬ 
lengths  and  dimensions  are  shorter  in  three  dimensions  than  in  two. 

A  secondary  effect,  that  does  not  really  belong  to  the  sublayer,  is  the  influence  of  the  my  "sidewalls"  on  the  hairpins  that  ride  on 
their  top.  It  is  easy  to  see  that  the  direction  of  the  y-vorticity  is  such  as  to  draw  the  front  part  of  the  hairpins  closer  together,  so 
that  even  a  periodic  array  would  rise  under  its  self  induction.  Note  that  this  effect  is  only  important  away  from  the  wall,  once  the 
y-vorticcs  iia.e  had  time  rotate  the  longitudinal  pairs.  In  fact,  it  seems  clear  from  many  observarions,  that,  above  y"  =  50-100, 
hairpin  self  induction  in  indeed  important,  and  that  the  tlow  is  much  more  complicated,  in  that  region,  that  any  of  the  models 
described  here. 
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FIG.  13  In  three  dimensions,  vortex  layers  turn  into 
"ramps’  with  a  finite  spanwise  extent,  connected  to  the 
wall  layer  by  vertical  "sidewalls".  Flow  is  from  left  to 
right. 
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FIG.  12  The  two  dimensional  ejection  mechanism,  in¬ 
cluding  saturation  through  secondary  production  of  neg¬ 
ative  wall  vorticity.  Time  goes  from  top  to  bottom. 


FIG.  15  A  uniform  array  of  vortex  pairs  will  not  rise  on 
its  own,  but  it  will  deform  the  vertical  "sidewalls '"  of  the 
ramps  carrying  it.  creatmg  negative  <u:  vorticity  under¬ 
neath  it. 
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FIG.  14  As  a  ramp  is  stretched  by  o,  induction,  it  creates 
a  longitudinal  vortex  pair 


FIG.  16  A  raised  longitudinal  vortex  array  will  induce  a 
array  of  opposite  sign  at  the  wall  which,  in  turn,  will  re¬ 
arrange  u>:  vorticity,  and  restart  the  cycle  at  a  different 
position. 
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The  most  important  etlccT  of  v-vortiuty  is  different  Once  a  longitudinal  vortex  aray  is  created,  in  any  way,  and  lilted  away  from 
the  wall,  it  induces  a  secondare  array ,  of  opposit :  sign,  at  the  wall  to  maintain  the  no-slip  condition.  These  secondary  arrays  are 
ciearly  seen  in  the  cross-sections  of  1  ig.  1 1 .  and  are  responsible  lor  the  staggered  stacking  in  that  picture.  This  secondary  array  is. 
as  expl.'in-d  those,  unable  to  r><e  on  its  own.  but  it  will  immediately  begin  to  reorganise  the  \ orticity  at  the  wall  laser.  When 
it  is  created,  the  sign  of  the  induced  arras  is  such  as  to  induce  an  updraft  at  the  places  where  the  wall  laser  is  attached,  and  a 
dosvndrall  at  those  places  where  it  is  not  i  Tig.  |6i  The  updrafts  will  then  mutate  the  detachment  of  the  wall  layer,  in  those  place- 
where  11  was  attached,  while  the  downdrafts  will  tend  to  heal  the  trenches  left  hs  the  previous  generation  of  elections.  In  this 
was,  trenches  tend  io  appear  below  ndges.  and  sicesersa.  and  the  cycle  begins  again,  although  staggered  half  a  spanwisc  svavc- 
Tigih  is.as  -he  previous  one  This  staggenng  was  elem'y  observed  in  tne  narrow  chanml.  and  has  been  ;uggcst:d  before  by 
other  investigators.  Moreover,  this  mechanism  oilers  a  first  indication  of  how  spanwise  periodicity  is  established  and  maintained. 
In  fact,  a  single  longitudinal  sortex  pair,  created  alongside  a  trench  by  secondary  induction  from  „  previous  generation  ramp,  will 
s. reate  enough  of  an  updraft  o’’  us  outside  'wings  ',  and  enough  of  t  downdraft  on  us  centre,  to  heal  its  trench  and  to  initiate  the 
'  snnatiori  oi  two  new  ones  at  us  sides,  thus  providing  a  lateral  contamination  mechanism  that  might  eventual!'  lead  to  a  spanwise 
periodicity 

In  summan.  we  hate  proposed  a  cvchcal  mechanism  involving  the  interplay  of  the  three  vort icily  components,  h\  which  trenches 
in  the  .j.  wall  laser  give  rise  to  ejection  ramps,  which  in  turn  generate  longitudinal  vortex  pairs,  which  induce  secondary  longi¬ 
tudinal  pairs  a:  the  wall,  which  initiate  new  trenches  and  rc-start  the  cvcic.  The  mechanism  explains  many  details  ol  the  observa¬ 
tions  that  we  have  reported  along  this  paper  regarding  the  sublayer  in  several  channels  Hows,  and  offers  an  interface  to  the  more 
complicated  phenomena  that  appear  to  dominate  the  outer  part  of  the  turbulent  boundarv  layer  There  are  however  many  details 
•hit  ire  left  out  vf  this  model,  including,  very  cspeciullv.  the  possibility  of  making  quantitative  predictions  of  the  (low.  nut  we 
nelieve  ’.hat  :he  present  method  of  studying  simplified  model  cases  that  isolate  particular  ispect*  n|  the  How  oiler  the  beet  hope 
rilling  in  those  details.  VVc  are  continuing  work  in  that  direction. 
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Summary 

A  three-dimensional,  incompressible  boundary-layer  flow  is  investigated  theoretically  with  respect  to 
primary  and  secondary  instability.  These  investigations  accompany  a  basic  transition  experiment,  which  is 
performed  by  B.  Muller  and  H  Bippes  at  the  DFVLR  in  Gottingen.  Primary  stationary  and  secondary  wave 
disturbances  are  used  to  model  the  measured  mean  flow  and  velocity  fluctuations  in  the  early  transition 
regime  The  analysis  is  based  on  a  Falkner-Skan-Cooke  approximation  of  the  undisturbed  flow 


Introduction 

Stationary  streamwise  vortices,  the  so-called  crossflow  vortices,  as  well  as  travelling  waves  are 
observed  wivhin  a  three-dimensional  boundary  layer  [1]  [3]  [19],  The  onset  of  growing  stationary  and 
non-stationary  disturbances  can  be  described  successfully  by  a  linear  stability  theory  [1]  [4]  [14]  On  the 
other  hand,  the  transition  of  the  laminar  flow  to  a  turbulent  flow  is  governed  by  nonlinear  interactions 
between  these  different  types  of  disturbances.  Since  the  stationary  (primary)  disturbances  deform  the 
boundary-layer  profiles  in  the  vicinity  of  the  wall  persistently,  the  presence  of  stationary  crossflow  vortices 
will  change  the  stability  characteristics  of  the  boundary-layer  flow  Our  aim  is  to  describe  the  physical 
mechanisms  in  the  first  stage  of  the  transition  process  by  investigating  the  primarily  disturbed  basic  flow 
for  instability,  i  e  by  a  theory  of  secondary  instability. 

The  OFVLR  transition  experiment  is  performed  on  a  swept  plate  with  a  displacement  body  on  top  in 
order  to  generate  a  three-dimensional  flow  [3]  [17]  [18]  Careful  attention  is  paid  to  experimentally  simu¬ 
late  (almost)  constant  pressure  gradient  in  the  chordwise  direction  and  to  achieve  the  so-called  infinite 
swept  flow  condition  with  no  variation  of  the  external  velocity  field  and  pressure  distribution  in  the  span- 
wise  direction  This  flat-plate  model  then  largely  satisfies  the  simplifying  mathematical  assumptions,  in 
particular  parallel  flow  and  neglect  of  curvature,  of  the  local  stability  theory.  The  measurements  provide 
detailed  informations  about  stationary  as  well  as  non  stationary  disturbances.  The  particular  experimental 
investigations,  which  are  referred  to  in  the  present  paper,  have  been  performed  by  B.  Muller  and  H  Bippes 
[17]  in  the  1m  low  speed  wind  tunnel  of  the  DFVLR  in  Gottingen  at  a  chord  Reynolds  number  of 
Re,  =  0.63-10'. 

The  mean  flow  and  the  fluctuations  are  described  within  a  primary  and  secondary  stability  analysis, 
respectively,  and  the  results  are  compared  with  the  experimental  data  Falkner-Skan-Cooke  similarity  sol¬ 
utions  are  used  to  model  the  undisturbed  three-dimensional  boundary  layer  and.  for  approximating  the 
mean  flow  in  the  laminar  region,  zero-frequency  disturbances  are  superposed.  It  turns  cut  that  the  tra¬ 
velling  waves  which  are  amplified  in  the  three-dimensional  flow  correspond  to  secondary  disturbances 
rather  than  to  primary  ones  However,  a  striking  change  of  the  vortex  pattern  due  to  secondary  instability 
has  not  been  observed  On  the  contrary,  two-dimensional  flows  exhibit  pronounced  so-called  K-type  [12] 
or  C/H-type  [11]  [23  ]  structures  within  the  transition  region  The  characteristics  of  these  vortex  structures 
have  been  used  by  Herberl  (see  [9]  and  the  references  therein)  for  justifying  a  theory  of  secondary  insta¬ 
bility 

The  nonlinear  development  of  stationary  and  non  st?'ionary  disturbances  in  the  three-dimensional 
flat-plate  flow  is  demonstrated  by  a  numerical  simulation  nf  the  Navier-Stokes  equations  in  [16] 

The  Primary  and  Secondary  Stability  Ansatz 

Classical  stability  theory  decomposes  the  total  flow  field  Q  into  the  boundary-layer  flow  Q„  and  a 
(small)  disturbance  q : 

(1)  Q  =  Q0  +  q 

On  the  other  hand,  the  experimental  measurements  provide  mean  velocity  profiles  0  and  fluctuations  q' 

(2)  0  =  0  +  g\ 

We  shall  use  these  two  different  representations  of  Q  for  defining  (1)  a  primary  and  (2)  a  secondary  stability 
theory.  Of  course,  in  the  laminar  flow  region,  0  =  Q„  and  the  results  of  a  primary  and  a  secondary  stability 
analysis  will  be  similar  unless  stationary  disturbances  become  important  and  reach  certain  amplitudes 

For  a  theoretical  treatment  of  (1)  and  (2).  we  have  to  model  the  basic  flow  Q„  respectively  0  and  the 
disturbances  q  respectively  q'  The  results  will  be  compared  with  the  experimental  data 


The  Boundary-Layer  Flow  Q, 


The  boundary  layer  is  assumed  to  be  infinite  in  the  spanwise  direction,  and  parallel 
13)  Qn(z)  =  (Un,  (z).  V0s(z).0) 

Here  the  z-axis  is  defined  normal  to  the  wall  in  a  Cartesian  coordinate  system  (x.  ,  y,  ,  z)  and  the  subindex 
s  denotes  the  components  in  the  streamwise  and  crossflow  direction,  x.  and  y,  The  influence  of  non  par¬ 
allel  flow  and  all  curvature  effects  will  be  neglected  The  flat-plate  model  largely  satisfies  these  simplifying 
mathematical  assumptions 

Moreover.  Falkner-Skan-Cooke  model  profiles  are  used  to  approximate  the  three-dimensional  bound 
ary-layer  flow  A  detailed  description  is  given  in  the  appendix  Let  us  consider  in  particular  the  velocity 
profiles  at  the  chordwise  position  x.  =  80%  .  where  /?„  -  0  630  .  0  =  46.9°  .  Ret  =  826  are  the  Hartree 
dimensionless  pressure-gradient  parameter,  the  local  sweep  angle,  and  the  local  Reynolds  number 
respectively  The  reference  velocity  and  length  are  given  by  Q“"  -  17.6m/s  and  <5  =  0  709 mm  .  In  fig  1,  the 
streamwise  and  crossflow  components  U„, .  V„,  of  the  Falkner-Skan-Cooke  flow  are  compared  with  the  cor¬ 
responding  measured  velocity  components  Here  the  mean  values  (o)  ol  the  experimentally  observed 
mean  flow  0  with  respect  to  the  spanwise  coordinate  y  are  shown 


The  Primary  Disturbances  q 

For  a  small  disturbance  of  the  basic  flow  Q„ .  the  normal  mode  ansatz 

!4!  q  |xs  .  y,  .  z.  f)  -  q  (z)  e'10'’’  *  P,v'  "  ,u,)  .  q  -  { (/s  .  v,  .  w)  . 

.eads  to  the  well-known  Orr-Sommerfeld  eigenvalue  problem  Here,  within  a  spatial  or  temporal  growth 
concept,  the  wavenumbers  a,  .  p,  or  the  circular  frequency  to  are  the  complex  eigenvalues  and  q  (z)  is  the 
corresponding  vector-valued  eigenfunction 

The  primary  stability  problem  has  been  studied  for  three  dimensional  boundary  layer  flows  in  the  work 
12]  [13],  for  instance  For  a  strongly  favourable  pressure  gradient,  the  disturbed  flow  is  governed  by 
crossflow  instabilities,  where  the  wavevectors  of  the  amplified  disturbances  are  directed  nearly  normal  to 
the  direction  of  the  external  inviscid  flow.  The  most  unstable  crossflow  disturbances  are  travelling  waves 
However,  very  close  to  the  minimum  critical  Reynolds  number,  zero-frequency  crossflow  disturbances  also 
become  unstable  These  zero-frequency  disturbances  clearly  correspond  to  the  stationary  crossflow  vor¬ 
tices  observed  in  swept  wing  flows  and  corresponding  experiments  [18]  [24] 

The  primary  stability  results  obtained  in  [2]  [4]  for  the  flat-plate  model  have  shown  a  qualitatively 
good  agreement  between  the  calculated  and  measured  Reynolds  number  dependence  of  the  instabilities 
wavelengths  and  frequencies 

The  Mean  Flow  Q 

The  mean  flow  in  the  laminar  region  is  essentially  given  by  the  stationary  crossflow  vortices  and  will 
therefore  be  modelled  in  the  following  form. 

(5)  O  =  Qq  +  €nqn  , 

where  eoq0  denotes  a  primary  zero-frequency  disturbance  of  finite  amplitude  e„ .  By  using  the  shape 
assumption  [8],  the  primary  disturbance  can  be  chosen  strictly  periodic: 

(6)  <70  fyv  •  z)  =  real  (qg  (z)  e'P°yv)  ,  ^max^  |u0s(z)|  -  1 


Here  q0  (z)  is  the  normalized  eigenfunction  from  the  linear  stability  theory  and  P0  is  the  real  wavenumber 
in  the  direction  yy  normal  to  the  stationary  vortex  axes  The  spatial  or  temporal  amplification  will  be  neg¬ 
lected  A  justification  of  the  shape  assumption  for  three  dimensional  flows  has  been  given  in  [7] 

For  calculating  the  zero-frequency  disturbance,  the  temporal  amplification  w,  is  maximized  with 
respect  to  real  wavenumbers  a ,  and  p,  .  (The  spatial  amplification  y  in  the  direction  of  the  real  group 
velocity  c,  =  (dw,  Ida,  ,  dai,  I  dp,)  can  then  be  obtained  by  using  the  Gaster  transformation,  y  =  w,  /fc,  |  .) 
We  remark  that  the  resulting  dimensional  spanwise  wavenumber  nearly  remains  constant  for  increasing 
chord  length  xt ,  thus  satisfying  the  condition  used  in  [13]  For  x,  =  80%  .  the  absolute  values  of  the  com¬ 
plex  eigenfunction  components  u„, ,  v0, ,  w0  in  the  x,  .  y,  and  z-direction  are  shown  in  fig  2.  Here 
Pn  -  0.4788  and  ■£  (x,  .  yv)  =  85.67°  are  the  wavenumber  and  waveangle.  respectively 

Since  the  amplitude  e„  of  the  primary  zero-frequency  disturbance  is  not  fixed  by  linear  stability  theory, 
it  will  be  taken  directly  from  the  measured  mean  velocity  profiles. 

(rl  =  j-  max  (  max  Us  (yc  ,  z)  -  min  Us  (yr  .  z|) 

According  to  the  infinite  swept-flow  assumption,  the  amplitude  e„  is  a  function  of  the  chord  length  xf  only. 
In  particular,  for  x,  =  80%  ,  we  then  obtain  e„  =  7  89% 

In  fig  3,  the  streamwise  and  crossflow  components  U.  ,  V,  of  the  calculated  mean  flow  are  compared 
with  the  corresponding  experimental  data  in  dependence  upon  the  spanwise  coordinate  yr  and  the  dis¬ 
tance  z  normal  to  the  wall  Whereas  Uie  wavelength  in  the  spanwise  direction  y,  ,  (2 n!p0r)  ■  6  (  =  12  6 mm 
from  theory),  and  the  x, -component  U,  (y  ,  z)  are  quite  well  approximated,  the  measured  amplitude  of  the 


ys-component  t/s  (yc  ,  z)  —  \/0s  (z)  is  about  three  times  larger  than  the  calculated  one.  and  there  is  a  phase 
shift  of  about  1  -  ?mm  for  this  component  in  the  yc-direction  We  remark  that  the  results  for  the  crossflow 
component  of  the  mean  flow  could  not  be  improved  by  taking  the  measured  boundary-layer  profiles 
ins'ead  of  the  Falkner-Skan-Cooke  model  profiles  as  a  basis  for  the  primary  stability  analysis  of  the  sta¬ 
tionary  disturbances. 

The  Secondary  Disturbances  q' 

The  fluctuations  are  considered  to  be  disturbances  of  the  mean  flow  0  and  will  be  written  in  the  form 

(8)  q'  =  e,q,  . 

where  q,  is  a  solution  of  the  linear  secondary  stability  system  derived  in  [6].  To  these  equations, 
Floquet-theoretical  methods  can  be  applied  and  the  secondary  disturbance  admits  the  following  repre¬ 
sentation  [10] 

(9)  q,  (xv  .  yv  .  z.  f)  =  real  (q,  (yv  ,  z)  e‘  ~  w,n)  . 
with 

':o>  q,  {yv .  z)  =  e~,t7/?<,y'  Y_,  q(.fc(z)e'l'/?oy'- 

-K 

Here  o,  and  tv,  are  the  wavenumber  in  the  direction  x „  of  the  stationary  vortex  axes  and  circular  frequency, 
respectively,  and  a  is  a  detuning  parameter,  which  describes  harmonic  (a  =  0),  combination 
(0  <  a  <  0  5  or  0.5  <  a  <  1)  and  subharmonic  (a  -  0.5)  resonances.  The  resulting  eigenvalue  problem 
determines  o,  or  cu,  and  the  amplitude  functions  qu  (z)  within  a  spatial  or  temporal  growth  concept  and  is 
solved  numerically  by  means  of  a  Galerkin  approximation  [5], 

For  the  chordwise  position  xc  =  80%  ,  we  have  calculated  the  most  unstable  temporal  eigenvalue 
ai,  =  u>„  +  iuj„  in  dependence  upon  the  real  wavenumber  o,  .  The  results  are  shown  for  the  harmonic  and 
the  combination  (a  =  0.35)  resonance  case  in  fig.  4  and  fig.  5.  In  each  case,  the  primary  eigenvalues  cor¬ 
responding  to  fixed  wavenumber  /?„  in  the  /.-direction  and  varying  wavenumber  o,  in  the  xv-direction  are 
given  by  the  dashed  line.  The  presence  of  stationary  crossflow  vortices  of  finite  amplitude  e0  changes  the 
stability  characteristics  of  the  three-dimensional  flow  (from  the  (  +  )  to  the  (o)-curves).  In  particular,  the 
maximum  of  the  amplification  rate  w„  is  reduced  in  the  harmonic  case  and  shifted  to  a  larger  value  of  o, 
corresponding  to  a  higher  frequency  f,  =  (iv„  /  (2/7))  •  (Q'"/<5)  in  the  combination  case.  In  this  latter  case 
(a  =  0.35) ,  the  amplification  maximum  is  given  by 

(11)  w,  =  0.0367  +  (0.0068  .  a,  =  0  08  , 

where  f,  =  145Hz  .  We  remark  that  the  results  which  have  been  obtained  for  combination  resonances  with 
a  =  0.25  and  a  =  0.5  (subharmonic  case)  are  similar  to  those  in  the  particular  combination  case 
a  =  0.35  except  that  the  maximum  values  of  the  amplification  rates  are  somewhat  smaller  than  in  (11).  In 
fig.  6,  lines  of  constant  temporal  amplification  tu„  are  plotted  on  the  o, .  /?v-pl ane.  where  av  =  o,  and 
/?„  =  (1  —  cr)/?0  are  the  (real)  wavenumbers  in  the  directions  parallel  and  normal  to  the  stationary  vortex 
axes.  The  primary  stability  results  are  given  by  the  dashed  lines. 

We  find  that  both  primary  and  secondary  disturbances  are  crossflow  disturbances.  Due  to  the  presence 
of  stationary  crossflow  vortices  of  finite  amplitude,  a  second  maximum  (II)  of  the  amplification  for  the  tra¬ 
velling  waves  corresponding  to  a  somewhat  smaller  waveangle  with  respect  to  the  direction  of  the  external 
inviscid  flow  is  produced.  This  second  maximum  becomes  more  and  more  important  for  increasing  ampli¬ 
tude  e0  of  the  prescribed  zero-frequency  disturbance.  The  crossflow  vortices  begin  to  oscillate  around  their 
undisturbed  position  and  are  weakened  and  strengthened  alternately  [6],  However,  in  contrast  to  the 
results  obtained  for  two-dimensional  boundary-layer  flows  [8]  [9],  strong  resonance  phenomena  due  to 
secondary  instability  arising  at  small  amplitudes  e0  have  not  been  observed.  Nevertheless,  the  travelling 
waves  amplified  in  the  three-dimensional  boundary  layer  correspond  to  secondary  disturbances  rather 
than  to  primary  ones.  This  will  be  demonstrated  by  comparing  the  theoretical  and  experimental  data  for  the 
fluctuations. 

The  truncation  of  the  Fourier  series  (10)  must  be  done  carefully.  There  is  a  great  influence  of  the  higher 
harmonics  of  the  fundamental  secondary  waves  q,0 ,  q, ,  on  the  numerical  eigensolutions,  in  particular  for 
increasing  amplitude  e0  of  the  primary  disturbance  [6]  [7  |.  In  general,  it  suffices  to  base  the  secondary 
'ability  analysis  on  the  calculation  of  the  Fourier  coefficients  (3T)  q,„ ,  q, , ,  and  q,? .  To  use  the  resonating 
pair  (2T)  q, ,  ,  q,  2  instead  as  has  been  proposed  in  [21 J,  however,  will  not  always  be  adequate.  In  fig.  7,  the 
amplification  rates  ui„  obtained  for  the  approximations  (2T)  and  (3T)  in  the  harmonic  resonance  case  are 
compared  with  those  which  have  been  calculated  with  the  coefficients  (4T)  q,  ,  q,  „ ,  q, ,  ,  q,  a .  Moreover, 
it  is  worthy  to  note  that  the  secondary  wave  q,  . ,  turns  out  to  be  the  dominant  one  within  the  low-frequency 
branch  of  the  combination  ( a  =  0.35)  case. 

Let  us  consider  now  the  secondary  disturbance  of  maximum  temporal  amplification  (11)  (correspond¬ 
ing  to  maximum  II  in  fig.  6)  at  the  chordwise  position  x,  ~  80%  .  The  absolute  values  of  the  amplitude 
functions  q,  „ ,  q, ,  ,  q, ,  of  the  series  representation  (10)  in  the  x,  ,  y,  and  z-direction  are  shown  in  fig  8  The 
amplitude  f.  in  (8)  is  then  defined  by  requiring 
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(12) 


max  max 

0<  yv  <2rr/0o  0 <z  <  oo 


(  O,  f2 irla.  _  ^  \,/2 

(  2/7  J  1  ^1s  (*v  '  Vv  '  <*XV  I 


— 7=-  max  max  |  ut.  (y„  ,  z)  I  =  1  . 

J2  0^  yv  <2n/0o  05/  <  oo  I  's  'I 


with  x„  =  x„  -  (w„ /o,)f,  so  that  e,  yields  the  maximum  (streamwise)  r.m.s.  fluctuation  of  the  total  flow 
field.  Here  the  amplification  factor  e"'’*  has  been  neglected,  but  e,  is  given  the  finite  value  which  is  equal 
to  the  measured  maximum  r.m.s.  amplitude,  e,  =  10.6%  . 

In  fig.  9,  the  streamwise  component  of  the  theoretical  r.m.s.  fluctuation. 


/  a .  r  2/7/cj  1  _  _  \  ,/2 

(13)  KVm*  (Fv  •  *)  -  £  1  I  2^-  |w,s(xv.yv.z)|  rixj  , 


is  compared  with  the  experimental  r.m.s.  value  in  dependence  upon  the  spanwise  coordinate  yc  and  the 
distance  z  normal  to  the  wall.  The  agreement  is  satisfactory,  in  particular  the  maximum  r.m.s.  value  e,  is 
obtained  at  the  same  distance  z  from  the  wall,  z  ■  6  =  0.8 mm  .  However,  for  the  crossflow  components  of 
the  theoretical  and  experimental  r.m.s.  fluctuation  (which  are  not  shown  here),  we  have  found  deviations 
in  amplitude  and  phase  which  are  quite  similar  to  those  which  already  occurred  for  the  crossflow  compo¬ 
nents  of  the  mean  flow.  Fig  10  shows  the  streamwise  r.m  s.  fluctuation  calculated  from  the  secondary  dis¬ 
turbance  of  maximum  temporal  amplification  in  the  harmonic  resonance  case  with  0,  =  0.03  (correspond¬ 
ing  to  maximum  I  in  fig.  6).  The  resulting  half-wavelength  periodicity  in  the  yc-direction  is  essentially  dif¬ 
ferent  from  the  r.m.s.  distribution  obtained  in  the  combination  case  and  is  more  related  to  the  experimental 
observations  by  Saric  and  Yeates  [24]  and  to  the  numerical  results  by  Reed  [20]  [21]. 


The  Secondary  N  Factor 

For  a  given  physical  frequency  f,  ,  the  secondary  N  factor  has  been  computed  by  using  the  spatial 
growth  concept  with  oju  =  0  and  a,  complex.  Integration  of  the  spatial  amplification  rates  (  -  cr„)  yields 

(14)  «,  W  *  -  <•  f"  -0. 

*c0 

where  L  =  0.5 m  is  the  total  chord  length  of  the  plate  and  0'  =  <  (xc .  x„) .  The  increase  of  the  secondary 
N  factor  with  the  chord  length  xe  in  dependence  upon  the  frequency  T,  is  shown  for  the  harmonic  and  the 
combination  (o  =  0.35)  resonance  case  in  fig.  11  and  fig.  12.  Here  the  amplitudes  c„  of  the  primary  zero- 
frequency  disturbances  are  modelled  by  evaluating  the  experimental  data.  The  results  for  the  primary  N 
factor  have  been  obtained  by  F.  Meyer  (see  [16])  by  using  the  envelope  method  [25]  and  are  given  by  the 
dashed  lines.  We  find  that  the  presence  of  finite-amplitude  stationary  crossflow  vortices  reduces  the  N 
factor,  although  the  resulting  amplitudes  of  the  travelling  waves  are  still  too  large  compared  with  the 
experimental  observation.  The  general  behaviour  of  the  N  factor  with  respect  to  the  frequency  is  similar  for 
the  primary  stability  analysis  and  the  secondary  stability  analysis  in  the  combination  case,  in  particular  the 
maximum  is  obtained  for  100  -  200Hz.  The  dominant  part  of  the  measured  frequency  spectra  lies  within  the 
region  of  50  -  200Hz.  Furthermore,  we  note  that  the  dependence  of  the  secondary  N  factor  upon  the  fre¬ 
quency  f,  is  well  reproduced  by  the  local  temporal  amplification  rate  w,,  as  a  function  of  f,  respectively  of 
the  wavenumber  a ,  . 

Conclusions 

The  stationary  (primary)  crossflow  vortices  change  the  stability  characteristics  of  the  three-dimensional 
boundary-layer  flow.  Both  primary  and  secondary  disturbances  are  crossflow  disturbances,  i.e.  an  inter¬ 
action  of  the  crossflow/crossflow  type  occurs.  A  comparison  of  the  theory  with  the  experiment  has  shown 
that  the  secondary  disturbance  waves  can  be  used  to  model  the  velocity  fluctuations  in  the  early  transition 
regime.  However,  strong  resonance  phenomena  due  to  secondary  instability  arising  at  small  amplitudes 
of  the  primary  disturbance  have  not  been  observed 
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Appendix.  The  Falkner-Skan-Cooke  Model  Flow 

The  Falkner-Skan-Cooke  similarity  solutions  of  the  boundary-layer  equations  describe  three-dimen¬ 
sional  flows  over  an  infinite  yawed  wedge  at  zero  angle  of  attack.  The  influence  of  the  three-dimensionality 
is  controlled  by  two  parameters,  the  Hartree  dimensionless  pressure-gradient  parameter  /?H  (where  the 
wedge  angle  is  given  by  (rr/2)  -  /?„)  and  the  local  sweep  angle 

vext 

(A1)  0  =  arc  tan  . 

Uec 

Here  U*”  and  V*"  are  the  velocity  components  of  the  external  inviscid  flow  in  the  chordwise  and  spanwise 
direction,  xc  and  yc ,  respectively. 
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Let  us  introduce  the  local  Reynolds  number, 

ne*t  c 

(42)  Res  =  , 

where 


(43) 
and 

(44) 


Qe"  =  ((Uff  +  (Vce")2),/2 


are  the  reference  velocity  and  length  and  v  is  the  kinematic  fluid  viscosity. 

The  chordwise  and  spanwise  components  of  the  Falkner-Skan-Cooke  model  flow  are  then  given  by 
(45)  U0c  (z)  =  ( z )  cos  0  ,  V/0c  (z)  =  g  (z)  sin  0  . 

where  the  coordinate  z  is  the  similarity  variable  normal  to  the  wall  and  the  functions  f  (z)  and  g  (z)  are  the 
solutions  of  the  following  ordinary  differential  equations  [22]: 


(46) 


<2  ~  * '  1?  *  ‘  (%f)  ‘ 0 


d2a  da 

(2  -  PH)  -f-  +  f  -JL  =  0 , 
dz 2  dz 


with  the  boundary  conditions, 
df 


(47)  f, 


df 


dz 


g  —  0  for  z  =  0  and  ,  g  ->  1  as  z  oo 


The  small  vertical  component  of  the  flow  can  be  neglected  by  applying  the  parallel-flow  assumption  (3). 

On  the  basis  of  the  measured  pressure  distribution  c„  (xc) ,  which  is  a  function  of  the  chord  length  xe 
only,  the  three-dimensional  boundary  layer  in  the  swept-plate  experiment  is  modelled  by  using  Falkner- 
Skan-Cooke  velocity  profiles  [15],  with 


Since  the  pressure  gradient  dcpldxc  is  almost  constant  within  the  region  10%  <  xc  <  90%  of  the  chord,  a 
linear  dependence  of  the  pressure  distribution  upon  the  chord  length  is  assumed  [16]: 

(49)  Cp  (xc)  =  0.941  -  0.845  xc  . 


Finally,  the  external  inviscid  flow  can  be  obtained  from  the  formulae, 

uecxt  =  cryr^Tcos  ©rff. 

(410) 

=  Q°°  sin  02,, 

where  the  free-stream  velocity  Q”  =  19m/s  and  the  effective  sweep  angle  0j?f  =  42.5°  are  used. 

We  remark  that  the  deviation  of  the  resulting  values  for  the  strictly  increasing  function  f}H  from  the  end 
value  in  (A8)  is  less  than  5%  for  chord  lengths  xc  >  50%  ,  which,  to  a  certain  degree,  justifies  the 
Falkner-Skan-Cooke  approximation  of  the  flat-plate  flow.  Moreover,  the  velocity  profiles  which  have  been 
calculated  from  the  full  boundary-layer  equations  with  the  pressure  distribution  cp  (xc)  in  (A9)  and  with  the 
free-stream  velocity  Q“  as  the  input  data  are  nearly  identical  to  the  corresponding  Falkner-Skan-Cooke 
profiles. 


References 

[  1]  Arnal,  D.,  Coustols,  E.  and  Juillen,  J.C.,  "Etude  Sxperimentale  et  thSorique  de  la  transition  sur  une 
aile  en  fteche  inftnie,"  Rech.  A6rosp.  No.  1984-4  (1984),  pp.  275-290. 

[  2]  Bleler,  H.,  'Theoretische  Unfersuchungen  fiber  primare  Instabilltaten  in  dreidimensionalen 
Grenzschichtstrdmungen , '  DFVLR-FB  86-54  (1986) 

[  3]  Blppes,  H.  and  Nitschke-Kowsky,  P.,  "Experimental  study  of  instability  modes  in  a  three-dimensional 
boundary  layer,"  AIAA  Paper  No.  87-1336  (1987). 

[  4]  Dallmann,  U.  and  Bieler,  H„  "Analysis  and  simplified  prediction  of  primary  instability  of  three-di¬ 
mensional  boundary-layer  flows,"  AIAA  Paper  No.  87-1337  (1987). 


I  5-6 


f  5]  Fischer,  T.M.,  "Ein  Spektral-Galerkin-Verfahren  zur  Untersuchung  linearer  Instability  in  Grenz- 
schichten,"  DFVLR-AVA  Internal  Report,  Gottingen  1988 

[  6]  Fischer,  T.M.  and  Dallmann,  U.,  "Theoretical  investigation  of  secondary  instability  of  three-dimen¬ 
sional  boundary-layer  flows  with  application  to  the  DFVLR-F5  model  wing,"  DFVLR-FB  87-44  (1987); 
see  also,  AIAA  Paper  No.  87-1338  (1987). 

[  7]  Fischer,  T.M.,  Ehrenstein,  U.  and  Meyer,  F.,  "Theoretical  investigation  of  instability  and  transition  in 
the  DFVLR-F5  swept-wing  flow."  in:  Proc.  IUTAM  Symposium  Transsonicum  III,  May  24-27,  1988, 
Gottingen.  Springer-Verlag. 

[  8]  Herbert,  T.,  "Subharmonic  three-dimensional  disturbances  in  unstable  plane  shear  flows."  AIAA 
Paper  No.  83-1759  (1983). 

[  9]  Herbert,  T.,  "Secondary  instability  of  boundary  layers."  Ann  Rev  Fluid  Mech.  20  (1988),  pp.  487-526. 

[10]  Herbert,  T.,  Bertolofti.  F.P.  and  Santos,  G.R.,  "Floquet  analysis  of  secondary  instability  in  shear 
flows,"  in:  Stability  of  Time-Dependent  and  Spatially  Varying  Flows  (D  L.  Dwoyer  and  M.Y  Hussaini 
eds).  pp  43-57.  Springer-Verlag,  New  York  1986 

[11]  Kachanov,  Y.S.  and  Levchenko,  V.Y.,  "The  resonant  interaction  of  disturbances  at  laminar-turbulent 
transition  in  a  boundary  layer,"  J.  Fluid  Mech.  138  (1984).  pp  209-247. 

[12]  Klebanoff,  P  S  Tidstrom,  K.D.  and  Sargent,  L  M  The  three-dimensional  nature  of  boundary-layer 
instability,"  J.  Fluid  Mech.  12  (1962),  pp.  1-34 

[13]  Mack,  L.M.,  "Boundary-layer  linear  stability  theory."  in:  Special  Course  on  Stability  and  Transition  of 
Laminar  Flow.  AGARD  Report  No.  709  (1984). 

[14]  Malik,  M  R  and  Poll,  D.I.A.,  "Effect  of  curvature  on  three-dimensional  boundary  layer  stability,"  AIAA 
Paper  No.  84-1672  (1984). 

[15]  Meyer,  F.  and  Kleiser,  L.,  "Numerische  Simulation  nichtlinearer  Instabilitaten  in  einer  dreidimen- 
sionalen  Grenzschicht,"  DFVLR-AVA  Internal  Report.  Gottingen  1987. 

[16]  Meyer,  F.  and  Kleiser,  L.,  "Numerical  simulation  of  transition  in  three-dimensional  boundary  layers," 
in:  Proc.  AGARD  Symposium  Fluid  Dynamics  of  Three-Dimensional  Turbulent  Shear  Flows  and 
Transition,  October  3-6,  1988,  Cesme,  Turkey. 

[17]  Muller,  B.  and  Bippes,  H.,  "Experimental  study  of  instability  waves  in  a  three-dimensional  boundary 
layer,"  in:  Proc.  AGARD  Symposium  Fluid  Dynamics  of  Three-Dimensional  Turbulent  Shear  Flows 
and  Transition,  October  3-6,  1988,  Cesme,  Turkey. 

[18]  Nitschke-Kowsky,  P.,  "Experimentelle  Untersuchungen  zu  Stability  und  Umschlag  dreidimensionaler 
Grenzschichten."  DFVLR-FB  86-24  (1986). 

[19]  Poll,  D.I.A.,  "Some  observations  of  the  transition  process  on  the  windward  face  of  a  long  yawed  cyl¬ 
inder,"  J.  Fluid  Mech.  1§Q  (1985),  pp.  329-356. 

[20]  Reed,  H.L.,  "Disturbance-wave  interactions  in  flows  with  crossflow,"  AIAA  Paper  No.  85-0494  (1985). 

[21]  Reed,  H.L.,  "Wave  interactions  in  swept-wing  flows."  Phys.  Fluids  3_0  (1987),  pp.  3419-3426. 

[22]  Rosenhead.  L.  (ed),  Laminar  Boundary  Layers,  Oxford  University  Press,  Oxford  1963. 

[23]  Saric,  W.S.  and  Thomas,  A.S.W.,  "Experiments  on  the  subharmonic  route  to  turbulence  in  boundary 
layers,"  in:  Turbulence  and  Chaotic  Phenomena  in  Fluids  (T.  Tatsumi  ed  ),  pp.  117-122.  North-Holland 
Publ.,  Amsterdam  1984. 

[24]  Saric,  W.S.  and  Yeates,  L.G.,  "Generation  of  crossflow  vortices  in  a  three-dimensional  flat-plate  flow," 
in:  Laminar-Turbulent  Transition  (V.V.  Kozlov  ed.),  pp.  429-437.  Springer-Verlag,  Berlin  1985. 

[25]  Srokowski,  A.J.  and  Orszag,  S.A.,  "Mass  flow  requirements  for  LFC  wing  design,"  AIAA  Paper  No. 
77-1222  (1977). 


Streamwise  and  crossflow  components  U0s ,  V0s  of  the  Falkner-Skan-Cooke  flow  compared  with  the 
measured  velocity  components  (o)  at  the  chordwise  position  xc  =  80%  . 


Absolute  values  of  the  streamwise  ( - ) ,  crossflow  ( - )  and  z  (-  ■  - 

mary  amplitude  function  q0  . 


■ )  -components  of  the  pri- 


Fig.  3.  Streamwise  and  crossflow  components  U,  ,  V ,  of  the  calculated  ( - )  and  of  the  measured  (o)  mean 

flow  versus  the  spanwise  coordinate  yc ,  for  the  distances  (1)  z  ■  6  =  0.5 mm,  (2)  0.8 mm,  (3)  1.1mm 
from  the  wall. 


Fig.  4.  Secondary  amplification  rates  w„  and  circular  frequencies  ui„  for  the  primary  zero-frequency 
disturbance  amplitudes  (  +  )  e0  -»  0  and  (o)  e„  =  7  89%  in  the  harmonic  resonance  case. 


Secondary  amplification  rates  oju  and  circular  frequencies  wu  for  the  primary  zero-frequency 
disturbance  amplitudes  (  +  )  e0  -»  0  and  (o)  c0  =  7.89%  in  the  combination  (a  =  0.35)  resonance 
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Lines  of  constant  temporal  amplification  (1)w„  =  0.001  ,  (2)  0.003,  (3)  0.005,  (4)  0.006.  (5)  0.007 
from  the  primary  ( — )  and  secondary  ( - )  stability  analysis. 
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Fig.  7.  Secondary  amplification  rates  u>u  obtained 
for  the  approximations  (2T),  (3T),  and  (4T) 
of  the  Fourier  series  (10)  in  the  harmonic 
resonance  case  (at  the  primary  amplitude 

7.89%) . 


Fig  9.  Streamwise  r  m.s.  fluctuation  (u,),m,  from 
theory  (-  -  -)  and  experiment  (o)  versus  the 
spanwise  coordinate  yc ,  for  the  distances 
(1)  z  ■  6  =  0.5mm,  (2)  0.8mm,  (3)  1.1mm 
from  the  wall. 


Fig.  10.  Streamwise  r.m.s.  fluctuation  (u,)m,  calcu 
lated  from  a  low-frequency  secondary  dis 
turbance  in  the  harmonic  resonance  case 
(1)  z  ■  6  =  0.5 mm,  (2)  0.8mm,  (3)  1.1mm. 


Fig.  11.  Secondary  N  factor  N ,  in  the  harmonic 
resonance  case,  for  the  frequencies 
(1)  f,  =  50 Hz  ,  (2)  100Hz,  (3)  200Hz. 


Fig.  12.  Secondary  N  factor  /V,  in  the  combination 
(cr  =  0.35)  resonance  case,  for  the  fre¬ 
quencies  (1)f,  =  50Hz ,  (2)  100Hz,  (3) 
200Hz.  (The  results  for  the  primary 
N  factor  are  given  by  the  dashed  lines.) 
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SUMMARY 

Linear  and  nonlinear  stages  of  the  laminar-turbulent  transition  process  in  a  three-dimensional  bound¬ 
ary  layer  initiated  by  crossflow  instability  are  investigated  by  linear  stability  theory  and  numerical  simu¬ 
lation.  The  conditions  of  our  investigations  are  adapted  to  the  DFVLR  swept  flat  plate  transition  experiment. 
The  parallel  basic  flow  is  defined  by  Falkner-Skan-Cooke  similarity  profiles.  The  observed  wavelengths  of 
the  crossflow  vortices  and  frequencies  of  the  travelling  disturbances  are  well  predicted  by  the  linear  the¬ 
ory.  In  our  numerical  simulations  we  consider  the  temporal  evolution  of  spatially  periodic  disturbances. 
Quasi-twodimensional  calculations  (excluding  variations  along  the  vortex  axis)  show  a  nonlinear  saturation 
of  stationary  crossflow  vortex  disturbances.  Nonlinear  interactions  of  stationary  and  travelling  disturb¬ 
ances  are  studied  by  three-dimensional  simulations.  The  disturbance  development  depends  significantly 
on  the  chosen  initial  disturbance  field.  Generally,  close  correspondence  between  the  computed  and  the 
experimentally  observed  disturbances  is  obtained  at  corresponding  stages  of  development.  However, 
there  are  also  some  discrepancies.  The  ratio  of  the  crossflow  component  of  the  disturbances  to  the 
streamwise  component  is  always  larger  in  the  experiment.  Nonlinear  disturbance  interactions  produce  a 
significant  distortion  of  the  streamwise  and  crosswise  averaged  mean  boundary  layer  profiles  and  an 
increase  of  the  wall  shear  stress. 


NOTATION 

A 

initial  amplitude 

/t., 

wavelengths, 

c  =  0.5m 

chord  length 

=  2 rila  ,  Ay  =  2nip  , 

C,r 

group  velocity 

■dcf 

crossflow  vortex  wavelength 

cp* 

phase  velocity 

p 

density 

cj>  .  . 

pressure  coefficient 

Voo 

.  (Poo.otl 

sweep  angle, 

d  =  (vxJU  *..)’* 

reference  length 

corrected  sweep  angle 

shape  factor,  table  1 

<Po 

local  sweep  angle 

i 

imaginary  unit 

V 

streamfunction 

k  =  (akt ,  flky) 

wavevector 

w  = 

=  (X)r  +  iw, 

complex  circular  frequency 

k,,ky 

wavenumbers 

n  = 

=  curl  Q 

total  vorticity 

N,,Ny,  N, 

number  of  grid  points 

dr,d,,  d, 

partial  derivatives 

P 

pressure 

V  = 

-  (d, ,  ay ,  a,) 

Nabla  operator 

o  =  {uy,w) 

total  velocity  vector, 

A  = 

= 

Laplacian 

Q  -  Q„  +  q 

a 

Fourier  coefficient  of 

Oo  =  (Uo  .  >/o  .  o) 

undisturbed  laminar  basic 

quantity  a 

flow 

a 

dimensional  quantity 

q  =  (u.v.wl 

disturbance  velocity 

a 

average  in  xv-direction 

R 

local  Reynolds  number, 

a  = 

=  a  (0,0) 

average  in  x-  and 

R  -  lO  o.l  -d  Iv 

y-direction 

t 

time 

&rms 

rms  value,  see  eq.  (12) 

At 

time  step 

x,y,z 

cartesian  coordinates 

Indices 

(right-handed)  x,y  parallel, 

c 

bodv-oriented  coordinates,  x,  in  chordwise 

z  normal  to  surface 

direction 

x,  =  xc  /c 

non-dimensional  chord 

e 

value  at  boundary  layer  edge 

position 

f 

imaginary  part 

o.p 

wavenumbers 

r 

real  oart 

Hartree  parameter 

s 

streamline-oriented  coordinates,  x,  [|  Q„ 

Xe  ~  Pqi  '  1  f?  o«  1 

crossflow  Reynolds  number 

V 

vortex-oriented  coordinates,  x,  in  vortex 

6.&« 

integral  quantities, 

axis  direction 

see  table  1 

0 

basic  flow 

V 

kinematic  viscosity 

oo 

free  stream  condition 

1.  INTRODUCTION 

Laminar-turbulent  transition  in  boundary  layers  with  low  background  disturbances  proceeds  through 
a  sequence  of  increasingly  complex  stages  initiated  by  flow  instabilities.  The  development  of  rational 
transition  prediction  schemes  requires  an  understanding  of  these  basic  physical  phenomena.  In  3D  boun¬ 
dary  layers  on  swept  wings,  different  primary  instability  mechanisms  may  be  responsible  for  the  onset  of 
transition  on  different  portions  of  the  wing.  Tollmien-Schlichting  instability  (TSI).  cross-flow  instability  (CFI), 
or  attachment  line  transition  (ALT)  may  occur  under  specific  conditions. 
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Here,  our  interest  is  focused  on  the  CFI  which  may  appear  in  regions  of  negative  pressure  gradients. 
A  consistent  characteristic  of  this  instability  is  the  presence  of  corotating  streamwise  vortices  within  the 
boundary  layer  which  may  have  rather  large  amplitudes.  Footprints  of  these  vortices  appear  as  streaks  in 
surface  oil  flow  visualizations  which  are  approximately  aligned  with  the  potential  flow.  The  appearance  of 
crossflow  vortices  is  explained  by  the  classical  primary  linear  stability  theory.  A  review  of  this  theory  is 
given  by  Mack  [18].  Other  surveys  of  instability  and  transition  in  2D  and  3D  boundary  layers  have  been 
given  by  Arnal  et  al.  [1]  [2],  Poll  [24]  and  by  Saric  and  Reed  [28],  One  approach  to  study  nonlinear 
interactions  between  different  disturbances  is  the  secondary  stability  analysis.  A  survey  of  this  field  is 
given  by  Herbert  [14],  Fischer  and  Dallmann  [9]  presented  secondary  instability  investigations  in  3D 
boundary  layers.  They  found  secondary  amplification  rates  which  are  not  as  large  as  in  2D  boundary  lay¬ 
ers.  Poll  [25]  experimentally  investigated  transition  in  the  leading  edge  region  of  a  yawed  cylinder.  He 
studied  fixed-wavelength  stationary  disturbances  which  are  characteristic  of  CFI.  Saric  &  Yeates  [29] 
investigated  transition  on  a  swept  flat  plate  in  a  wind  tunnel  with  contoured  walls.  The  imposed  pressure 
distribution  was  choosen  such  that  an  interaction  between  TS  and  CF  instability  should  take  place.  They 
observed  stationary  streaks  with  a  wavelength  independent  of  the  distance  from  the  leading  edge.  Reed 
[27]  employed  a  secondary  instability  theory  to  explain  the  appearence  of  the  second  harmonic  of  the 
crossflow  wavelength  in  this  experiment.  A  similar  experiment  was  made  by  Nitschke-Kowsky  and  Bippes 
[4]  [23],  The  crossflow  was  generated  by  a  negative  pressure  gradient  imposed  by  a  displacement  body 
above  the  flat  plate.  They  found  stationary  disturbances  and  travelling  waves  with  a  broad  frequency  band. 
Both  disturbance  modes  appeared  simultaneously  at  roughly  the  same  Reynolds  number.  This  DFVLR 
swept  flat  plate  transition  experiment  has  been  continued  by  Muller  and  Bippes  [22].  In  addition  to  oil  flow 
and  sublimation  method  visualizations  on  the  plate,  detailed  hot-wire  measurements  of  the  two  velocity 
components  parallel  to  the  plate  were  made  in  a  large  three-dimensional  measuring  volume. 

In  the  present  paper,  we  report  on  theoretical  investigations  of  CFI-initiated  transition  for  the  condi¬ 
tions  of  this  experiment.  First  we  describe  the  approximation  of  the  undisturbed  boundary  layer  flow  by 
Falkner-Skan-Cooke  (FSC)  profiles.  Then  primary  instability  results  are  presented.  The  nonlinear  develop¬ 
ment  of  crossflow  vortices  and  their  interaction  with  travelling  waves  are  investigated  by  numerical  simu¬ 
lation.  The  theoretical  results  are  compared  with  experimental  data. 


2.  DEFINITION  OF  THE  BASIC  FLOW 

Fig.  1  sketches  the  experimental  arrangement  and  the  coordinates.  The  freestream  velocity  O  „  is 
decomposed  into  a  chordwise  component  0  m  and  a  spanwise  component  V  x  .  The  local  chordwise  and 
spanwise  velocity  components  of  the  undisturbed  boundary  layer  flow  are  denoted  as  0  ^  and  V  .  Due 
to  the  assumption  of  infinite-swept  conditions,  the  spanwise  velocity  at  the  boundary  layer  edge  is  a  con¬ 
stant,  V  ,  =  V  „  .  In  addition  to  the  body-oriented  coordinates  (xc .  yr) ,  it  is  useful  to  introduce  local 
streamiine-oriented  coordinates  (x, ,  y,) .  The  angle  between  xc  and  x,  is  the  local  sweep  angle  <pe .  For 
stability  investigations  and  numerical  simulations,  the  use  of  still  another  local  coordinate  system,  the 
"vortex-oriented"  system  (xv  ,  yu) ,  is  appropriate  where  x.  points  along  the  vortex  axis  direction  (fig.  2).  The 
angle  between  xv  and  x,  is  denoted  by  e. 

Fig.  3  shows  the  pressure  distribution  on  the  plate  measured  in  the  transition  experiment  [22].  The 
pressure  coefficient  is  given  by 


Beyond  the  leading  edge  region  xc  <  0.04  ,  the  measured  data  follow  the  straight  line 

(2)  Cp  (xc)  =  0.941  -  0.845  xc  , 

obtained  by  a  least-squares  fit,  with  excellent  accuracy.  Therefore,  in  the  following  we  exclusively  use  the 
linear  distribution  (2)  to  define  the  potential  flow.  Assuming  infinite-swept  conditions,  the  chordwise  and 
spanwise  components  of  the  potential  flow  are  given  by 

(3)  ^Oc.e  =  cos  ,„|QJ 

(4)  v0c.  e  =  sin  <p„  1 0M  I 
and  its  magnitude  by 

(5)  I  O0e  I  =  [sinVoo  +  (1  ~  cp)  cos2  <p00]'/2  |QM1 
The  local  sweep  angle  is  defined  by 

tan  a>„ 

(6)  i -fie  =  arc  tan  -  . 

Vi  -  Cp 

All  quantities  are  non-dimensionalized  with  the  reference  length  d  =  W  oc.e  and  Ihe  magnitude  of  the 
local  velocity  at  the  boundary-layer  edge,  |Q  0el  (except  for  the  chordwise  position  which  is  denoted  by 
xc  =  xc  /c) .  The  local  Reynolds  number  is  R  =  |Q  Jdfv 
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In  order  to  define  our  basic  flow  Q0 ,  we  approximate  the  boundary  layer  flow  locally  by  Falkner-Skan- 
Cooke  (FSC)  boundary  layer  profiles.  These  are  similar  solutions  of  the  boundary  layer  equations  for  the 
flow  about  a  yawed  wedge  (Rosenhead  [26],  Mack  [18  J)  The  FSC  profiles  depend  on  two  parameters, 
namely  the  local  sweep  angle  <pf  and  the  pressure  gradient  (Hartree)  parameter 


(7)  fin 


The  wedge  angle  is  PHn ,  and  the  chordwise  velocity  varies  according  to  L/0c,oexc'°  with 
m  =  PH/  (2  —  /?„) ,  We  define  the  basic  flow  for  our  analysis  of  the  transition  experiment  as  the  parallel 
flow  Q0  =  (U^  ,  V,*  ,  0)  where  U and  are  the  FSC  profiles  for  the  parameters  (pc  (xc)  and  pH  (xc)  defined 
in  eqs.  (6),  (7)  with  cp  (xc)  given  by  (2).  The  sweep  angle  <p ^  in  (3)  -  (6)  is  set  to  <pm  e„  =  42.5°  (instead  of  the 
nominal  geometric  sweep  angle  of  the  plate  of  45°  )  in  order  to  account  for  an  upstream  influence  of  the 
plate  and  the  displacement  body  on  the  free  jet  close  to  the  wind  tunnel  nozzle.  With  this  correction,  the 
potential  flow  (3),  (4)  agrees  well  with  the  measured  flow  outside  the  boundary  layer.  Fig.  4  shows  the  FSC 
parameters  PH  and  <p e  and  some  important  boundary  layer  quantities,  defined  in  tab.  1. 


quantity 

symbol 

defined  by 

boundary  layer  thickness 

6 

U0s(t5)  =  0.999 

displacement  thickness 

<5,0 

7(1  -  U0,)dz 

0 

momentum  thickness 

& 20 

fUoA  1  ~  ,)dz 

0 

displacement  thickness 

So, 

-  ?Vo,dz 

0 

shape  factor 

H„ 

^10^20 

crossflow  amplitude 

^0i  mav 

max  I  V0s(z)  | 

Table  1:  FSC  boundary  layer  quantities 

The  variation  of  these  boundary  layer  quantities  is  weak  in  the  region  xc  >  0.5  due  to  the  fact  that  the  Har¬ 
tree  parameter  is  nearly  constant  and  the  shape  of  FSC  profiles  varies  only  slightly  when  (p„  as  45°.  This 
motivates  us  to  assume  a  fixed  basic  flow  in  our  simulations  of  transition  in  the  downstream  half  of  the 
plate.  The  figure  also  shows  the  variation  of  the  outer  flow  velocity,  the  dimensional  boundary  layer  thick¬ 
ness,  the  Reynolds  number  R  and  the  crossflow  Reynolds  number  Xn  with  xe  for  the  experimental  condi¬ 
tions  |0  „l  =  19m/s  and  e„  =  42.5°  . 

The  local  FSC  approximation  has  been  compared  with  the  result  of  a  boundary  layer  calculation  based 
on  the  pressure  distribution  (2).  The  agreement  is  very  good:  the  relative  error  in  U K  and  ,  as  well  as 
in  the  first  and  second  derivatives,  is  less  than  1%  for  xc  >  0.2  .  Fig  5  shows  a  comparison  of  our  basic 
flow  with  measurements  of  the  time-mean  flow  in  the  DFVLR  1m  x  0.7m  wind  tunnel  [22].  The  measured 
data  have  in  addition  been  averaged  in  spanwise  direction  over  a  distance  of  3/tcf .  For  the  stations 
xc  =  0.2  and  0  5,  the  deviation  between  our  basic  flow  and  the  experimental  data  is  below  4%  of  the  outer 
velocity  for  U,  and  below  1%  for  V,.  Further  downstream  the  measured  mean  flow  shows  distortions  by 
nonlinear  disturbance  interactions.  In  particular,  the  averaged  U%  (z)  becomes  inflectional  in  the  outer  half 
of  the  boundary  layer.  This  will  also  be  observed  in  our  numerical  simulations  (see  section  6).  The  devi¬ 
ations  very  close  to  the  wall  are  probably  due  to  wall  interference  effects  in  the  measurements. 


3.  PRIMARY  STABILITY  ANALYSIS 

At  low  background  disturbance  levels,  the  onset  and  the  early  stages  of  transition  can  be  described 
by  the  primary  stability  theory  of  the  undisturbed  basic  flow  [18].  The  temporal  theory  considers  single 
harmonic  disturbances 

q  (x.y.z.f)  =  q  (z)  exp(7  (ox  +  Py  -  wt)}  +  c.c. 

of  sufficiently  small  amplitude,  where  x,y  denote  wall-parallel  directions,  o,  P  the  corresponding  wave- 
numbers,  w  the  complex  eigenvalue  and  c.c.  the  complex  conjugate.  By  introducing  this  normal  mode 
ansatz  into  the  linearized  Navier-Stokes  equations  we  obtain,  for  a  3D  basic  flow,  a  complex  eigenvalue 
relation  of  the  type  F  (a,  p,  R,  w„  w,)  =  0  .  In  3D  boundary  layers  the  Squire  transformation  is  not  applica¬ 
ble  and  the  more  general  Stuart  transformation  has  to  be  applied  [18].  Due  to  the  Stuart  theorem  [13]  it 
is  possible  to  reduce  the  3D  stability  problem  to  a  series  of  Orr-Sommerfeld  problems  for  the  velocity 
profiles  obtained  by  projecting  the  3D  boundary  layer  profile  onto  the  direction  of  the  wave  vector.  Eigen¬ 
values  have  to  be  determined  in  the  whole  (a,  p)  plane.  In  the  following  we  present  stability  results  per¬ 
taining  to  the  DFVLR  transition  experiment  [22],  The  eigenvalue  problems  have  been  solved  using  the 
stability  code  LISA*T  [8],  As  usual  in  stability  theory,  we  consider  only  the  most  amplified  eigenvalue  w 
of  the  spectrum,  denoted  as  "fundamental  eigenvalue" 
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A  good  insight  into  the  stability  behaviour  of  our  3D  boundary  layer  is  obtained  by  considering  the 
neutral  surface  iu,  (os,  xc)  =  0  shown  in  fig  6.  We  see  that  all  waves  with  wave  vector  k  =  (a,,/3,) 
pointing  in  the  local  potential  flow  direction  (i.e  along  the  as  axis)  are  damped,  while  a  set  of  waves  with 
k  closer  to  the  crossflow  direction  (/?,axis)  are  amplified  Fig  7  shows  the  stability  diagram  for  xc  =  0  8 
which  is  representative  of  other  stations.  This  position  will  also  be  considered  in  our  numerical  simu¬ 
lations.  Fig.  7  reveals  several  typical  stability  properties  of  accelerated  3D  boundary  layers: 

•  The  most  amplified  waves  propagate  approximately  in  crossflow  direction  (crossflow  instability). 

•  In  the  unstable  region  stationary  disturbances  (ui,  =  0)  exist  with  amplification  rate  slightly  smaller 

than  the  maximum  for  travelling  waves. 

•  The  range  of  amplified  wavenumbers  is  rather  large  in  crossflow  direction  (nearly  one  decade  of  /?,)  . 

The  unstable  range  is  actually  widest  for  stationary  disturbances. 

•  The  circular  frequency  oj,  .  and  therefore  the  phase  speed  c„„  =  w,  l\k\  ,  of  amplified  waves  is  small 

in  comparison  with  that  of  TS  waves  in  2D  boundary  layers. 

These  features  make  the  appearance  of  both  stationary  vortices  and  travelling  waves  in  natural  transition 
experiments  quite  plausible 

A  successfully  used  engineering  method  for  transition  prediction  is  the  e"  method  based  on  primary 
linear  stability  theory  [18].  In  a  recent  survey  Bushnell  et  at  [5]  conclude  that,  for  a  wide  range  of  flow 
types,  transition  in  a  low-disturbance  environment  is  correlated  with  integrated  amplification  factors  e"  with 
N  in  the  range  of  9  to  11.  For  3D  flows,  different  approaches  are  possible  to  calculate  the  integrated 
amplification  Here  we  give  results  obtained  with  the  widely  used  "envelope"  method.  A  fixed  dimensional 
frequency  f  is  selected,  and,  at  each  station  xc  ,  the  maximum  (among  all  wavenumbers  (a,  /?))  temporal 
amplification  rate  ai,  is  determined.  Fig  8  displays  the  chordwise  distribution  of  stability  data  calculated  in 
this  way  for  several  frequencies.  Fig.  8a  shows  the  maximum  amplification  rates.  The  stability  boundary  is 
at  xe  =s  0  075,  close  to  the  leading  edge.  The  highest  amplification  rates  are  found  for  f  «  100Hz  .  As 
remarked  above,  the  amplification  rates  for  zero-frequency  disturbances  are  somewhat  lower.  Beyond 
f  =  200Hz  u>,  decreases  rapidly  in  the  region  xc  >  0.3.  In  order  to  convert  the  temporal  amplification  into 
a  spatial  one,  the  real  part  of  the  group  velocity  ca,  =  ( diu ,  /  da, ,  du>r  /  d/3, )  is  calculated.  The  amplification 
rate  -  k,  in  the  direction  of  cQ,  is  then  obtained  from  Gaster's  transformation  —  k,  =  w,  /|c,,  |  .  In  figures 
8  b  and  c  the  magnitude  and  direction  of  c5,  are  depicted  Both  remain  nearly  constant,  and  c8,  deviates 
only  little  from  the  potential  flow  direction.  The  group  velocity  of  the  most  amplified  disturbances  is 
between  50%  and  60%  of  Qq,  . 

Integration  of  the  spatial  amplification  rate  along  a  curve  which  is  everywhere  tangential  to  c„r  yields 
the  "N  factor" 

-  f*c  to. 

N  (xc  f )  =  c  — -  dxr 

d  |  cgr  |  •  cos  0 

where  x^  is  the  position  of  first  amplification  and  0  the  angle  between  xc  and  c„, .  Fig.  8d  shows  the  com¬ 
puted  N  factors  (A  calculation  employing  a  constant  physical  spanwise  wavenumber  [18]  gave  essentially 
the  same  results,  as  this  condition  turns  out  to  be  satisfied  for  the  maximallyamplified  wavenumbers  at  the 
present  conditions  )  The  frequency  range  with  largest  total  amplification  is  f  *=  100  -  200Hz  .  We  see  that 
the  physical  spatial  amplification  (i.e.  the  slope  dAf/dxJ  is  nearly  constant  for  f  <,  200Hz  .  The  exper¬ 
imentally  observed  disturbance  growth,  which  is  difficult  to  determine  under  natural  transition  conditions, 
depends  on  the  wind  tunnel  (measurements  were  made  in  different  tunnels)  [22]  For  the  measurements 
in  the  1m  x  0.7m  tunnel  the  disturbance  growth  was  significantly  lower  than  predicted  by  the  computed 
N  factors.  Transition  to  turbulence  was  not  observed  by  the  downstream  edge  of  the  plate  at  the  present 
experimental  conditions. 

In  contrast  to  the  amplification,  the  observed  wavelengths  and  the  frequency  range  are  in  good 
agreement  with  those  of  our  calculation.  Analogous  results  were  obtained  by  Arnal  et  al.  [2]  and  by  Bieler 
[3],  [7],  Fig.  8e  shows  the  wavelengths  corresponding  to  the  amplification  rates  of  fig.  8a.  The  wavelengths 
A,  (measured  in  direction  of  y.)  are  normalized  by  the  local  boundary  layer  thickness  For  a  fixed  physical 
frequency  and  xe  £  0  2  this  value  is  constant.  For  7=0  we  find  the  value  AJ6  ~  3  Arnal  et  al.  [2]  meas 
ured  the  wavelength  Ac  in  yc  direction.  They  found  that  the  ratio  AJ6  remains  constant  at  approximately  4.2. 
In  our  calculation  AJ6  decreases  significantly  in  the  first  half  of  the  plate  but  is  nearly  constant  jn  the 
region  0.5  S  xc  £  1  where  it  varies  only  from  4.7  to  3.9.  Fig.  8f  shows  a  comparison  of  the  calculated  Ac  with 
the  experimental  data  [22],  The  prediction  is  slightly  above  the  measurements  but  still  in  good  agreement. 

4.  NUMERICAL  SIMULATION  MODEL 

In  our  simulations  we  investigate  the  nonlinear  temporal  development  of  streamwise  (x„)  and  spanwise 
(ya)  periodic  disturbances  by  numerical  integration  of  the  incompressible  Navier-Stokes  equations.  More 
specifically,  a  chordwise  position  xc  is  selected,  and  the  evolution  of  disturbances  q  to  the  basic  flow 
Q„  (xc)  is  computed.  The  basic  flow  and  the  Reynolds  number  remain  unchanged  in  our  simulations  (not, 
however,  the  horizontally  averaged  flow  -  see  below)  Such  a  simplified  approach  has  been  used  with  great 
success  in  simulations  of  the  transition  process  in  a  2D  Blasius  boundary  layer  (e  g  [17], [31]).  For  chan¬ 
nel  flow  (which  is  parallel,  however)  the  complete  transition  process  from  laminar  flow  to  fully  developed 
turbulence  could  be  simulated  with  the  temporal  model  [11]  The  temporal  disturbance  development  in 
these  simulations  closely  corresponds  to  the  spatial  development  observed  In  experiments. 


Fig.  9  shows  the  spatial  integration  domain  0  <  x  <  A,  .  0  <  y  <  and  0  <  z  <  oo  of  our  simulations 
The  no-slip  condition  is  applied  at  the  wall  2  =  0.  and  periodic  boundary  conditions  in  the  horizontal 
directions  x„ ,  yv  (the  vortex-oriented  coordinates  are  used)  The  Navier-Stokes  and  continuity  equations  are 
written  as 

(8)  —  +  Q-VQ=  VP  +  4-  AQ  +  F 

Of  R 

(9)  div  Q  =  0 

where  P  denotes  the  pressure  and  F  is  a  forcing  term.  Our  usual  choice  is 

(10)  F  =  -  -±-  -Ar  (U0v  (z) .  1/0v  (z) .  0) 

R  dzi 

which  renders  the  undisturbed  basic  flow  Q0  an  exact  solution  of  the  Navier-Stokes  equation  This  proce¬ 
dure  is  equivalent  to  solving  the  complete  nonlinear  disturbance  equations  for  the  deviation  q  from  the 
basic  flow  Q„  (see  also  the  discussion  in  [17]  and  [30]).  The  nonlinear  distortion  q  of  the  (x.y)-averaged 
mean  flow  is  included.  In  some  of  our  calculations  specified  later,  this  mean  flow  is  simply  frozen  at  the 
undisturbed  basic  flow  and  the  forcing  term  F  is  not  imposed  A  more  refined  model,  which  incorporates 
the  change  of  the  basic  flow  with  xc  ,  could  be  implemented  by  using  a  time-dependent  forcing  term  in  a 
moving  reference  frame  as  done  by  Spalart  &  Yang  [30]  for  Blasius  flow. 

As  in  corresponding  transition  experiments,  the  dominant  initial  disturbance  is  a  stationary  crossflow 
vortex  which  is  approximately  aligned  with  the  potential  flow  direction  In  our  "quasi-2D"  simulations  the 
nonlinear  development  of  a  "pure"  crossflow  vortex  disturbance  without  any  variation  in  the  direction  xv 
of  the  vortex  axis  is  computed.  In  the  "fully  3D"  simulations  travelling  waves  are  also  excited  initially  and 
interact  with  the  stationary  disturbances.  All  of  our  initial  disturbances  are  obtained  from  the  primary  linear 
stability  theory. 

We  define  the  mean  flow  Q  =  Q0  +  q  by  the  streamwise  average 


and  the  root-mean-square  (rms)  fluctuation  of  the  component  u  .  e  g  ,  as 

(12)  urms  =  [uT^0f],/2. 

For  comparison  with  experimental  data,  (11)  and  (12)  are  compared  with  time-averaged  values  and  the 
temporal  rms  fluctuations  about  this  mean,  respectively^  Finally,  the  average  over  both  horizontal 
directions  is  indicated  by  a  double  overbar,  e  g.  O  —  Q„  +  q  . 

The  numerical  dicretization  in  the  horizontal  directions  is  based  on  Fourier  expansions, 

( 13)  Q  (xv  ,  yv  ,  z.  f)  =  ^  ^  O  (k, ,  ky  ,  z,f)  exp  (/k,crvxv  +  iky[3jv) 

X,  ky 

The  sum  extends  over  the  wave  number  range  |k,I  <  NJ2  and  | kY \  <  Ny  / 2  .  In  the  normal  direction,  the 
semi-infinite  domain  0  ^  z  <  oo  is  mapped  onto  -1*'/7<1byz  =  y(1-  q)/(1  +  r/P  where  y  =  4  and 
p  =  1/2  have  been  used  throughout.  A  Chebyshev  matrix  collocation  method  [12],  [17]  is  then  used  to 
discretize  in  q  Roughly  one  half  of  the  collocation  points  are  located  within  the  boundary  layer  The 
exponent  p  =  1/2  instead  of  the  commonly  used  p  =  1  provides  for  a  more  moderate  (i.e.  linear  instead 
of  quadratic)  increase  of  the  outermost  collocation  points  with  increasing  total  number  of  collocation  points 
N, ,  which  leads  to  a  better  conditioning  of  the  matrices  involved. 

For  time  integration,  the  viscous  terms  are  treated  implicitly  by  the  Crank-Nicolson  method,  and  the 
nonlinear  terms  explicitly  by  the  Adams-Bashforth  method.  In  order  to  treat  the  nonlinear  terms  (which  are 
written  in  the  Q  x  curl  Q  form)  efficiently,  the  pseudospectral  approximation  is  used  Aliasing  errors  in  the 
Fourier  expansion  are  eliminated  by  applying  the  3/2  rule  [6J.  The  pressure  is  calculated  from  a  Poisson 
equation  with  the  correct  boundary  conditions  obtained  from  the  condition  of  vanishing  divergence  at  the 
boundary,  using  an  influence  matrix  technique  [15],  The  solution  is  obtained  by  solving  sequentially  a  set 
of  one-dimensional  Helmholtz  equations.  The  cuiiucation  dicretization  leads  to  approximation  errors  in  the 
continuity  equation.  These  are  eliminated,  at  minimal  computational  expense,  by  superposition  of  pre¬ 
computed  auxiliary  solutions  in  the  same  manner  as  the  'tau  errors"  arising  in  the  tau  method 
([15], [17]).  Thus  the  continuity  equation  and  the  boundary  conditions  are  satisfied  to  machine  accuracy  in 
our  numerical  solution.  The  numerical  scheme  is  implemented  in  the  computer  code  TRANSIT  The  CPU 
time  per  grid  point  and  time  step  on  a  Cray  XMP  is  31  ps  (using  one  processor). 

5.  NONLINEAR  DEVELOPMENT  OF  CROSSFLOW  VORTICES 

Linear  stability  theory  predicts  exponential  growth  of  amplified  small  disturbances  As  the  disturb¬ 
ances  grow  to  finite  amplitude,  nonlinear  effects  become  important  and  will  limit  the  disturbance  growth 
Nonlinearity  produces  higher  harmonics  of  the  fundamental  disturbance  and  changes  the  mean  flow  Q  by 
the  action  of  the  Reynolds  stresses.  In  this  section  we  study  the  nonlinear  development  of  initially  small 
crossflow  vortex  disturbances  Particularly,  the  temporal  development  of  disturbances  without  variation 
along  the  vortex  axis  xv  is  investigated  by  numerical  simulation.  This  flow  type  is  denoted  as  quasi-twodi- 
menslonal,  as  the  three  velocity  components  (U„ ,  l/„ .  W)  do  not  depend  on  x„  and  the  cross-sectional  flow 
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(V, .  IV)  represents  a  solution  of  the  two-dimensional  Navier  Stokes  equations  which  is  uncoupled  from  the 
streamwise  component  Uv  .  While  the  nonlinear  stability  approach  allows  to  compute  stationary  finite-am¬ 
plitude  solutions  directly  from  the  steady-state  equations  [16.  21],  the  temporal  simulation  is  in  addition 
able  to  describe  the  transient  behaviour  of  the  disturbances 

The  basic  FSC  flow  parameters  for  this  investigation  are  /?„  =  0  6  ,  and  tpc  =  45°  which  gives  the 
maximum  crossflow  amplitude  We  consider  relatively  small  Reynolds  numbers  close  to  the  stability 
boundary.  At  R  =  260  linear  theory  gives  a  stationary  [to,  -  0)  mode  with  |k|  =  0.3557  .  angle  £  -  4.4° 
and  an  amplification  rate  of  iu,  =  +  0  0012  (i.e.  growth  by  one  decade  within  a  time  interval  of  1919).  The 
numerical  discretization  is  Nt  x  Nr  =  16  x  48  and  Af  =  0  5  .  The  initial  amplitude  A  is  defined  by  the  maxi¬ 
mum  of  the  streamwise  disturbance  |u„|  .  Fig.  10  displays  results  on  the  nonlinear  disturbance  develop¬ 
ment  for  different  cases  In  fig  10a  results  at  R  =  260  with  different  initial  amplitudes  are  given.  Initially 
(f  <  1000)  the  disturbance  growth  follows  the  linear  theory.  Thereafter  the  growth  is  reduced,  and  after 
reaching  a  peak  value  the  disturbance  amplitude  very  slowly  decreases  to  a  value  of  9%  independent  of 
the  initial  amplitude.  A  quasi-steady  state  with  small  temporal  oscillations  is  attained.  Fig.  10b  displays 
results  obtained  at  different  Reynolds  numbers  R  for  the  same  wavevector  k  as  above.  We  observe  the 
same  type  of  saturation  behaviour  The  saturation  amplitude  grows  monotonically  with  R  above  the  stabil¬ 
ity  limit  of  R  =  220  At  the  higher  R  the  oscillations  are  more  pronounced.  These  oscillations  may  be  due 
to  a  second  bifurcation  into  a  time-periodic  state. 

These  results  were  obtained,  with  the  forcing  term  of  eq.(10)  present  in  eq.(8),  i.e.  with  the  full  inter¬ 
action  between  the  meanJIow  O  and  the  disturbances  included.  Some  quasi-2D  calculations  were  made 
[20J  with  the  mean  flow  Q  artificially  frozen  at  the  laminar  basic  flow  Q0 ,  as  is  the  case  in  linear  primary 
and  secondary  stability  calculations.  Figs  11  and  12  present  results  obtained  at  R  -  260  with  A  =  3%.  Fig. 
'2  shows  the  evolution  of  the  initially  excited  fundamental  mode  (0,1)  and  the  harmonics  (O.k,,).  After  a 
state  of  monotonic  growth  a  steady  saturation  state  is  attained.  Due  to  the  absence  of  the  interaction  with 
the  mean  flow  this  happens  much  more  quickly  than  in  fig.  10  The  higher  harmonics  fall  off  according  to 
a  geometric  progression,  the  mode  (0.2)  being  smaller  than  mode  (0,1)  by  a  factor  of  4.5  .  The  amplitude 
distribution  |q(z)|  of  the  (0,1)  mode  in  the  saturated  state  is  still  close  to  that  of  the  linear  eigenfunction. 
Fig.  11  illustrates  the  flow  structure  in  the  saturated  state.  The  crossflow  vortices  are  represented  by  con¬ 
tours  of  the  streamfunction  defined  by 

(14)  Vv  =  dqVdz  .  W  =  -  <W/dyv  . 

The  vortices  have  the  same  sense  of  rotation  (counter  clockwise  if  viewed  in  streamwise  direction,  as 
opposed  to  the  upstream  view  in  fig.  11)  and  remain  at  a  fixed  spatial  position  during  the  nonlinear 
development.  The  isotachs  of  the  streamwise  component  Uv  ,  shown  in  fig.  11a  with  increments  of  0.05,  are 
strongly  distorted  in  a  characteristic,  asymmetric  manner  also  observed  in  experiments  (see  e  g.  fig  15 
of  [2])  With  the  present  large  saturation  amplitude  of  u.,mMss  19%  ,  even  a  region  with  local  velocity 
excess  Uv  >  1  appears  in  the  outer  half  of  the  boundary  layer.  From  the  periodic  variation  of  the  isotachs 
close  to  the  wall  we  can  infer  a  corresponding  variation  of  the  wall  shear  stress,  which  is  known  to  produce 
longitudinal  streaks  in  experimental  flow  visualizations 

Fig.  13  shows  the  saturation  amplitudes  obtained  for  the  present  conditions  (FSC  flow  with  /?„  =  0.6  , 
<p,  -  45°  and  wavevector  |k|  =  0.3557  ,  e  =  4.4°)  with  the  two  different  treatments  of  the  mean  flow. 
Supercritical  bifurcation  is  obtained  in  both  cases,  as  observed  in  [21]  for  Blasius  flow.  While  the  satu¬ 
ration  amplitudes  agree  close  to  the  bifurcation  point  R  =  220  where  they  are  small,  the  unphysical  neglect 
of  the  mean  flow  distortion  leads  to  amplitudes  which  are  larger  by  about  a  factor  of  two  at  higher  R  .  The 
physical  meaning  of  the  calculated  quasi-2D  saturation  sta  obvious.  The  disturbance  growth  in  the 

experiment  occurs  in  spatial  direction,  and  interactions  o.  -.i„  y  with  travelling  disturbance  modes 
may  result  in  a  different  nonlinear  development  (this  latter  aspect  is  investigated  in  the  following  section). 
Nevertheless,  the  nonlinear  temporal  disturbance  evolution  towards  saturation  is  an  interesting  problem 
in  itself,  and  the  obtained  saturation  states  show  quite  similar  features  as  the  mean  flows  observed  both 
in  experiments  and  in  fully  3D  simulations. 

6.  NONLINEAR  INTERACTIONS  OF  STATIONARY  AND  TRAVELLING  DISTURBANCES 

In  the  real  transition  process  initiated  by  crossflow  instability,  stationary  and  travelling  disturbances 
of  significant  amplitudes  are  observed  As  noted  above,  this  is  expected  from  linear  stability  theory.  In  this 
section  we  present  results  of  a  numerical  simulation  which  includes  the  nonlinear  interaction  of  stationary 
and  travelling  waves  of  various  wavelengths  and  propagation  directions.  As  basic  flow  we  take  the  FSC 
approximation  to  the  experiment  [22]  at  the  station  xr  -  0  8  .  where  /}„  and  <pe  change  only  little  with  xc 
(see  fig  4).  Fig.  14  shows  the  stability  diagram  belonging  to  this  basic  flow,  together  with  the  initially 
excited  wavenumbers  (k,,ky)  of  our  simulation  The  most  unstable  zero-frequency  mode  is  the  (0,  3/?v) 
mode  (3/?v  =  0.479)  .  so  that  the  integration  domain  /t^  ~  can  accomodate  three  crossflow  vortices. 
The  angle  e  between  the  xv  and  x,  directions  is  4.3”  The  streamwise  wavenumber  o„  =  0.08  is  chosen  such 
that  it  gives  the  maximum  secondary  instability  amplification  for  a  combination  resonance  case  af  a 
crossflow  vortex  amplitude  which  fits  the  experimental  data  at  xr  =  0  8  [10],  To  define  the  initial  disturb¬ 
ance,  for  each  excited  (k,  ,  ky)  mode  the  first  20  least  damped  eigenmodes  of  the  spectrum  are  computed 
and  superposed  with  equal  amplitudes  and  random  relative  phases  The  modes  (0.3)  and  (1,2),  which  have 
the  largest  growth  rates,  are  excited  with  an  amplitude  of  0  25%,  and  the  others  with  0  025%  This  initial 
velocity  field  is  chosen  to  resemble  the  velocity  field  in  fhe  natural  transition''  experiment  [22]  which,  in 
particular,  exhibits  a  surprisingly  regular  crossflow  vortex  system  (A  simulation  with  the  same  initial 
amplitude  for  all  eigenvalues  did  lead  to  a  much  more  irregular  disturbance  field  than  is  observed  in  the 
experiment.)  The  maximum  streamwise  rms  fluctuation  IJ  is  thus  of  the  order  of  the  experimental  tur¬ 
bulence  level.  The  horizontal  discretization  varies  from  N,xNt  =  16x32.  Af  =  0.5  initially  to 
N,xNy  -  48x180,  Af  =  0  2  in  the  late  stages.  In  the  normal  direction  N,  -  80  collocation  points  are  used 
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throughout. 

Fig.  15  shows  the  development  of  the  maximum  Fourier  amplitudes 
4, max  =  mfx  | uv(kx,ky,z,t)  | 

of  the  initially  excited  "stationary"  modes  (0,  ky)  and  the  fluctuating  modes  (1,  kt) ,  as  well  as  their  harmon¬ 
ics.  After  an  initial  transient  t  <  100  we  observe  a  monotonic  growth  of  all  modes  with  approximately  con¬ 
stant  growth  rates  The  growth  rates  of  the  initially  excited  modes  are  close  to  those  of  the  primary  linear 
stability  theory  up  to  t  «  700  .  The  growth  rates  of  the  initially  not  excited  higher  harmonics  are  larger,  jis 
expected  from  the  quadratic  nonlinearity.  The  (0,0)  mode,  which  represents  the  mean  flow  distortion  uu , 
attains  a  value  of  about  4.5%  at  f  =  880  .  Fig.  16  displays  the  distribution  of  the  energy  of  the  Fourier 
modes 


at  four  different  simulation  times.  The  growth  of  the  higher  modes  necessitates  a  successive  increase  of  the 
horizontal  resolution  Nt ,  Nv .  The  energy  of  the  highest  modes  remains  below  1 0 _  15  in  the  present  simu¬ 
lation,  so  that  the  employed  resolution  is  considered  by  far  sufficient.  We  recognize  a  characteristic 
asymmetry  of  the  energy  spectrum  with  a  dominance  of  the  cross-flow  (ky  >  |fc„|)  modes  (note  the  different 
scales  on  the  k ,  and  ky  axes).  This  asymmetry  is  already  present  in  the  linear  stability  diagram  of  fig.  14, 

Another  representation  of  the  growth  of  the  fluctuating  disturbances  is  provided  by  the  rms  fluctuations 
in  fig.  17  We  observe  regions  with  low  and  high  fluctuation  levels.  This  behaviour  is  well  known  in  2-D 
boundary  layer  transition,  and  is  referred  to  as  "peak-valley  splitting".  The  rms  fluctuations  Uvrms  grow  up 
to  12%  locally.  The  spatial  distribution  will  be  discussed  below  in  more  detail.  In  figs.  15  and  17  there  is 
obviously  a  tendency  towards  saturation  of  the  disturbance  growth  at  the  end  of  the  simulation.  Such  a 
saturation  has  also  been  observed  in  the  experiments  [22]  beyond  xc  «  0.7  .  Clearly,  the  simulation  should 
be  continued  to  assess  the  later  development;  this  work  is  in  progress  [19], 

In  fig.  18  the  development  of  the  "globally"  averaged  boundary  layer  profiles  U,  and  l/5  is  shown.  At 
f  =  0  the  basic  FSC  profiles  are  obtained.  At  late  times  significant  distortions  appear,  as  may  already  be 
inferred  from  the  growth  of  the  (0,0)  mode  in  fig.  15a.  The  streamwise  profile  develops  an  inflectional 
character  with  a  velocity  deficit  (compared  to  the  FSC  profile)  near  z  =  0.5(5  and  an  excess  near 
z  =  0.2(5  .  The  latter  leads  to  an  increase  of  the  mean  wall  shear  stress.  The  shape  factor  W12  remains 
constant  at  W,2  =  2.37  up  to  f  =  500  ancLthereafter  decreases  rapidly  to  a  value  of  2.14  at  f  =  940.  This 
development  of  the  streamwise  profile  U,  is  very  similar  to  that  of  the  spanwise-averaged  experimental 
data  shown  in  fig^5.  The  observed  velocity  deficit  at  xc  =  0.94  is  6%  as  in  the  simulation  at  t  =  940.  The 
crossflow  profile  V,  experiences  much  smaller  changes.  The  maximum  crossflow  value  increases  from  the 
FSC  value  of  9.26%  to  a  peak  of  9.87%  at  t  =  880  and  thereafter  decreases  again  rapidly. 

We  now  discuss  the  development  of  the  streamwise  (x„)-averaged  mean  flow,  w]hich  corresponds  to  the 
time-mean  flow  of  the  experiment.  Fig.  19  depicts  the  cross-secfional  flow  (V/v ,  W)  and  the  streamwise 
component  Uv  at  three  different  times.  The  development  of  the  crossflow  vortices  is  well  illustrated.  These 
are  rotating  counter-clockwise  (note  that  y„  points  to  the  right  and  we  are  looking  upstream)  and  become 
strongly  distorted  in  the  late  stages.  The  isotachs  of  l/„  are  deformed  accordingly,  displaying  an  asym¬ 
metric  shape.  We  also  recognize  small  differences  between  the  three  vortices  shown.  These  are  due  to  the 
modes  different  from  (0,3n)  and  have  been  excited  intentionally.  Fig.  20  shows  a  different  representation 
of  the  horizontal  mean  flow  components,  which  is  also  used  in  [22].  The  streamwise  profiles  are  signif¬ 
icantly  distorted  and  have  inflection  points,  which  remain  after  averaging  over  yv  as  seen  in  fig.  18.  A  direct 
comparison  of  a  sef  of  mean  streamwise  and  crossflow  profiles  between  experiment  and  simulation  at 
corresponding  stages  of  development  is  given  in  fig.  21.  The  streamwise  profiles  are  very  similar  (a  small 
shift  of  the  z  =  0  origin  should  be  made  in  the  experimental  data).  However,  the  measured  crossflow  pro¬ 
files  show  a  much  stronger  spanwise  variation  than  the  calculated  ones.  Still,  the  averaged  values  are  of 
the  same  magnitude  (see  again  figs.  5  and  18). 

The  spatial  distributions  of  the  rms  fluctuations  are  documented  in  fig.  22  for  representative  stages. 
We  see  the  pronounced  peak-valley  structure  referred  to  earlier.  The  yv-position  of  the  peaks  is  the  same 
as  of  the  crossflow-vortex  centers  (fig.  19),  however  they  are  located  closer  to  the  wall  at  z  =  (5/4.  At 
t  =  880  the  peak  values  of  the  streamwise  component  attain  12%,  while  the  values  at  the  valley  are  smaller 
by  a  factor  of  4.  This  variation  is  much  smaller  in  the  1-m-tunnel  experiment.  However,  the  shape  of  the 
rms  fluctuation  distribution  is  quite  similar,  and  the  peak  values  at  t  =  600  and  f  =  880  compare  favorably 
with  those  of  the  experiment  at  xc  =  0.6  and  0.9,  respectively.  Another  difference  is  the  relative  magnitude 
of  the  streamwise  and  the  crossflow  component.  While  the  ratio  of  the  maximum  crossflow  to  the  maximum 
streamwise  rms  fluctuation  components  is  about  1/4  in  the  simulations,  it  is  close  to  1/2  or  even  to  1  in  the 
experiment  for  the  far  downstream  positions. 

Finally,  we  discuss  some  instantaneous  flow  data  Fig.  23  shows  the  streamwise  and  spanwise  com¬ 
ponents  of  the  total  vorticity,  and  ,  in  the  cross-section  xv  =  0.  Other  streamwise  positions  show 
qualitatively  the  same  distributions.  Fig.  23a  displays  the  streamwise  vorticity.  The  local  minima  at 
z  =  0.4(5  indicate  the  location  of  the  crossflow  vortices  (at  f  =  600  only  two  vortices  are  visible  at  x,,  =  0 
due  to  the  skewed  nature  of  the  instantaneous  velocity  field  -  see  fig.  24  below).  Local  maxima  appear 
at  the  wall  below  the  vortex  centers.  Fig.  23b  presents  the  cross-component  ,  which  is  dominated  by  the 
gradient  dUJdz.  The  maxima  are  located  at  the  wall.  They  will  be  seen  again  as  maxima  of  |r„|  in  fig.  24 
below.  A  second  set  of  local  maxima  appears  away  from  the  wall  at  the  height  of  the  crossflow  vortex 
centers  (see  fig.  19),  sidewise  of  the  local  minima  of  Cin  Interestingly,  the  shape  of  the  regions  of  large 
Ciri  is  reminiscent  of  the  high-shear  layers  which  appear  in  the  transition  process  initiated  by  Tollmien- 


Schlichting  waves  [11,17,31].  Fig.  24  gives  the  instantaneous  wall  shear  stress  distributions  at  two  times. 
We  see  three  longitudinal  streaks  within  the  integration  domain.  The  maxima  are  staggered  in  streamwise 
direction  due  to  the  particular  initial  disturbance  excitation  (fig.  14).  The  wall  shear  stress  pattern  moves 
with  a  celerity  of  about  0.5  in  a  direction  only  about  -  3°  off  the  vortex  axis  direction.  This  is  close  to  the 
group  velocity  magnitude  and  direction  of  the  most  amplified  disturbance  with  f »  100Hz  (fig.  8b, c).  A 
streamwise  average  will  give  a  periodic  crosswise  variation  of  the  mean  wall  shear  stress,  which  leads  to 
the  well-known  streaks  in  experimental  surface  flow  vizualizations. 

7.  CONCLUSIONS 

The  transition  process  in  the  DFVLR  swept  flat  plate  transition  experiment  [22]  has  been  investigated 
theoretically  by  linear  stability  theory  and  numerical  simulation.  Due  to  the  strong,  nearly  constant  nega¬ 
tive  pressure  gradient  the  linear  as  well  as  nonlinear  stages  of  transition  are  dominated  by  instabilities  of 
the  crossflow  type.  The  primary  stability  theory  predicts  well  the  observed  crossflow-vortex  wavelengths 
and  frequencies  of  the  travelling  waves.  The  experimentally  observed  disturbance  growth  significantly 
depends  on  the  wind  tunnel  and/or  turbulence  level  It  is  generally  lower  than  predicted  by  the  eN  method, 
except  for  the  stationary  crossflow  vortex  disturbances  in  a  low-turbulence  (Tu  =  0.05%)  wind  tunnel 
where  good  agreement  is  obtained.  This  could  be  partly  explained  by  the  fact  that  in  presence  of  finite- 
amplitude  crossflow  vortices  the  secondary  instability  amplification  is  smaller  than  the  primary  one  [10], 

The  nonlinear  temporal  development  of  periodic  disturbances  has  been  investigated  by  numerical 
simulations.  These  extend  the  primary  and  secondary  temporal  stability  theories  by  including  the  full 
nonlinear  disturbance  interactions.  Ouasi-twodimensional  calculations,  without  disturbance  variations  in 
the  vortex  axis  direction,  have  shown  a  nonlinear  saturation  of  amplified  crossflow  vortices.  The  saturation 
amplitude  significantly  depends  on  the  modelling  of  the  mean  flow  if  the  amplitude  level  is  large.  Nonlinear 
interactions  of  stationary  and  travelling  disturbances  are  investigated  by  three-dimensional  simulations 
corresponding  to  the  "natural  transition"  experiment.  As  expected,  the  transition  process  depends  strongly 
on  the  chosen  initial  disturbances.  With  an  appropriate  initial  disturbance  field,  a  very  similar  development 
of  the  computed  and  the  measured  velocity  fields  is  obtained  at  corresponding  stages  of  transition.  How¬ 
ever,  there  are  also  some  discrepancies.  For  example,  the  ratio  of  the  crossflow  component  of  the  dis¬ 
turbances  to  the  streamwise  component  is  always  larger  in  the  experiment,  and  the  valleys  in  the  rms 
fluctuation  distribution  are  not  as  pronounced.  The  global  distortion  of  the  mean  flow  profiles  and  the 
associated  increase  of  the  wall  shear  stress  are  well  described  by  the  simulation.  The  instantaneous  wall 
shear  stress  pattern  moves  approximately  with  the  group  velocity  of  the  most  amplified  travelling  disturb¬ 
ance  according  to  primary  linear  theory. 

Further  work  is  in  progress  concerning  the  later  stages  of  the  transition  process  and  the  influence  of 
the  initial  disturbances.  A  refined  treatment  of  the  mean  flow  in  these  temporal  simulations  is  desirable. 
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Perspective  view  of  the  neutral  surface 
w,  =  0  for  the  FSC  approximation  of  the 
transition  experiment  [22], 


Fig.  7  Stability  diagram  of  FSC  boundary  layer 
at  x^  =  0.8  (/?„  =  0.63,  <p„  =  46.9°, 

R  =  826). 
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Stability  results  for  Q  „  =  19 m/s.  (p„  ~  42.5°  (a)  maximum  temporal  amplification,  (b)  magni¬ 

tude  of  group  velocity,  (c)  direction  of  group  velocity  relative  to  the  potential  flow  direction,  (d) 
/V-factor,  (e)  wavelength,  (f)  comparison  of  wavelength  parallel  to  leading  edge  with  experimental 
data  [22]. 


Fig.  9  Integration  domain  and  coordinates  of 
numerical  simulation. 
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Fig.  10  Nonlinear  saturation  of  crossflow  instabili 
ty  (streamwise  disturbance)  (a)  R  =  260 
different  initial  amplitude  A,  (b)  A  =  5% 
different  Reynolds  numbers  R. 
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Fig.  11  Velocity  field  with  saturated  crossflow  vortices  (frozen  mean  flow),  (a)  contours  of  streamwise 
velocity  component  l/v ,  (b)  streamlines  of  cross-sectional  flow  (Vv ,  W) . 
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Fig.  12  Development  of  Fourier  amplitudes  during 
saturation  (frozen  mean  flow). 


Fig.  13  Dependence  of  saturation  amplitude  on 
Reynolds  number  for  different  treatment 
of  the  mean  flow.  (A)  mean  flow  frozen,  (B) 
forcing  term. 
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Fig.  14  Stability  diagram  of  FSC  boundary  layer 
at  xc  =  0.8  {fiH  =  0.63,  cp,  =  46.9°, 
R  =  826),  and  wavenumber  grid  of  numer¬ 
ical  simulation.  Initially  excited  modes 
marked  by  o  (A  =  0.025%)  and 
□  (A  =  0.25%). 
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Fig.  15  Development  of  maximum  Fourier  ampli¬ 
tudes  uvmm  (k„ ,  ky),  (a)  non-fluctuating 
modes  (A,  =  0),  (b)  fluctuating  modes 

(K,  =  1). 
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Fig.  16  Energy  E(k„  ky)  of  horizontal  Fourier  modes. 
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Fig.  17  Time-development  of  the  maximum  longitudinal  rms  fluctuations  at  various  positions  across  the 
first  vortex  y„  =  n  ■  ACf/4. 


Fig.  18  Development  of  the  horizontally  averaged  streamwise  and  crossflow  profiles 


Fig.  21  Mean  streamwise  and  crossflow  velocity  profiles  U„  and  Vs  at  different  positions  y, 
across  the  vortex  (a)  (b)  numerical  simulation,  t  =  880,  (c)  (d)  experiment  [22],  xc  =  0. 
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ABSTRACT 

The  calculation  of  transition  on  an  infinite  swept  wing  has  been  investigated  for  a 
range  of  sweep  angles,  Reynolds  numbers  and  angles  of  attack.  The  method  solves 
boundary-layer  and  Orr-Sommerf eld  equations  by  a  finite-difference  procedure  and 
involves  interaction  with  the  inviscid  flow.  Amplification  rates  in  the  en-method 
are  determined  with  an  eigenvalue  procedure  which  determines  the  relationship  between 
the  wave  numbers.  The  calculation  method  is  evaluated  in  terms  of  measurements  reported 
for  the  flow  around  an  ONERA-D  wing  equipped  with  a  cambered  leading  edge  and  attached 
to  a  half  fuselage.  It  is  shown  to  be  convenient  to  use,  particularly  because  the 
neutral  stability  curves  (zarfs)  facilitate  the  calculation  and  avoid  uncertainties 
associated  with  the  choice  of  magnitude  and  location  of  the  critical  frequencies.  In 
general,  the  calculated  values  of  the  onset  of  transition  are  in  good  agreement  with 
measured  values,  for  the  eight  cases  examined. 


1.0  INTRODUCTION 

The  determination  of  the  location  of  the  onset  of  transition  from  laminar  to  turbu¬ 
lent  flow  has  exercised  analysts  and  experimentalists  for  many  years  with  results  which 
have  been  limited  in  their  range  of  applicability.  Perhaps  the  greatest  degree  of  gen¬ 
erality  has  been  achieved  with  linear-stability  theory  and  its  implementation  through 
the  en-method  as  proposed  by  smith  and  Gamberoni  [1],  by  Van  Ingen  [2],  and  recently 
reviewed  by  Bushnell  et  al.  [3].  This  paper  is  concerned  with  the  extension  and  appli¬ 
cation  of  this  approach  for  the  calculation  of  transition  on  swept  wings. 

It  is  known,  largely  through  experiments  such  as  those  of  Pfenninger  [4],  Gaster  [5] 
and  Poll  [6],  that  the  location  of  the  onset  of  transition  on  the  attachment  line  of 
swept  wings  depends  on  the  Reynolds  number  based  on  the  momentum  thickness  of  the  span- 
wise  velocity  profile.  For  values  of  this  Reynolds  number  greater  than  around  240.  the 
smallest  of  disturbance  will  ensure  turbulent  flow  on  the  attachment  line.  For  lower 
values,  transition  either  occurs  along  the  attachment  line  or  takes  place  downstream  of 
it,  possibly  in  the  region  of  favorable  pressure  gradient  as  a  consequence  of  inflec¬ 
tional  instabilities  in  the  cross-stream  velocity  profiles.  The  sweep  angle,  nature  of 
the  upstream  boundary  layer  and  flow  convergence  determine  the  local  momentum  thickness 
along  the  leading  edge.  Divergence  is  related  to  the  radius  of  curvature  of  the  leading 
edge  so  that  a  small  radius  will  lead  to  stronger  divergence  with  consequent  reduction 
in  the  momentum  thickness  and  Reynolds  number.  Thus,  for  example,  a  tapered  leading 
edge  can  lead  to  a  decreasing  Reynolds  number  and  to  relaminarization  along  the  length 
of  the  attachment  line. 

Solution  of  the  two-dimensional  Orr-Sommerf eld  equation,  with  the  velocity  profile 
determined  from  the  boundary-layer  equations  for  the  attachment  line,  leads  to  a  crit¬ 
ical  transition  Reynolds  number  of  268  and.  as  shown  by  Hall,  Malik  and  Poll  [ 7 J,  inclu¬ 
sion  of  nonparallel  effects  lowers  this  value  to  236,  which  is  in  agreement  with  experi¬ 
ment.  The  problem  of  performing  calculations  away  from  the  attachment  line  involves  the 
solution  of  three-dimensional  equations  and  is  considered  here  in  terms  of  a  general 
method  for  the  determination  of  the  onset  of  transition  in  the  incompressible  flows  over 
infinite  swept  wings. 

The  method  is  based  on  a  combination  of  the  interactive-boundary- layer  and  linear- 
stability  theories  described  in  Sections  2  and  3.  In  the  former  case,  the  laminar 
boundary-layer  equations  for  an  infinite  swept  wing  are  solved  in  an  inverse  mode  with 
the  relationship  between  the  inviscid  and  viscous  flows  expressed  through  the  Hilbert 
integral.  The  resulting  velocity  profiles  are  used  in  the  solution  of  the  stability 
equation  and,  thereby,  in  the  determination  of  tl.e  amplification  rates  in  the 
en-method  to  provide  the  location  of  the  onset  of  transition.  The  disturbance  fre¬ 
quency  needed  in  the  en-method  and  the  manner  in  which  it  is  obtained  and  used,  are 
considered  in  Section  3.  The  method  is  evaluated  in  relation  to  the  experiments  of 
Arnal  and  Juillen  [8]  who  reported  measurements  of  the  flow  around  a  symmetric  ONERA-D 
wing  equipped  with  a  cambered  leading  edge  and  attached  to  a  half -fuselage ;  the  results 
of  the  calculations  are  compared  with  the  measurements  in  Section  4.  The  final  section 
of  the  paper  provides  a  summary  of  the  more  important  conclusions. 

2.0  INTERACTIVE  BOUNDARY-LAYER  PROCEDURE 

For  a  laminar  incompressible  flow  over  an  infinite  swept  wing,  the  boundary- layer 
equations  are  well  known  and  can  be  written  as 
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Usually  these  equations  are  solved  subject  to  the  boundary  conditions 

y  =  0 ,  u  =  v  =  w  =  0  (6a) 

y  =  6,  u  =  u6,  w  =  we  (6b) 

in  which  ue(x)  is  specified  in  the  chordwi6e  direction  of  the  wing.  The  spanwise 
velocity  we  is  constant  and  obtained  from  the  freestream  velocity  V,,,  and  the  sweep 
angle.  The  solution  procedure  is  straightforward  since  the  spanwise  momentum  equation 
is  decoupled  from  the  streamwise  momentum  equation.  The  solution  of  Eqs.  (3)  and  (4) 
is  essentially  that  of  a  two-dimensional  flow  problem  and,  once  obtained,  the  second- 
order  spanwise  momentum  equation  (5)  can  be  solved  easily. 


The  above  procedure  assumes  that  there  is  no  flow  separation  since  the  solutions  of 
the  boundary-layer  equations  are  singular  at  separation  when  they  are  attempted  for  a 
prescribed  velocity  distribution.  To  obtain  the  results  of  Section  4,  we  used  the  mea¬ 
sured  velocity  distributions  on  the  infinite  swept  wing  of  [8]  as  the  external  boundary 
condition  and  found  that  the  solutions  of  the  boundary-layer  equations  broke  down  n  at 
the  pressure  peak  due  to  flow  separation  so  that  it  was  not  possible  to  continue  beyond 
the  pressure  peak.  To  circumvent  this  difficulty,  it  was  necessary  to  make  use  of  a 
form  of  the  interactive  boundary-layer  procedure  developed  initially  for  two-dimensional 
flows  [9]  and  subsequently  for  quasi-three-dimensional  flows  [10].  In  this  modified 
procedure  the  boundary- layer  equations  were  solved  in  an  inverse  mode  with  successive 
sweeps  over  the  wing  surface.  For  each  sweep,  the  external  velocity  ue  was  written 
as  the  sum  of  the  inviscid  velocity  ug(x)  over  the  wing,  which  corresponded  to  the 
experimental  values,  and  a  perturbation  velocity  6ue(x),  that  is, 

y  =  6.  ue(x)  =  ug(x)  +  6ue(x)  (7a) 


with  6ue(x)  computed  from  the  Hilbert  integral  given  by 

6V*>  =  £  '  h  (ue6*>  rfr 

xa 


and  the  interaction  confined  between  xa  and  X(j.  The  second  edge  boundary  condition 
makes  use  of  the  irrotationality  condition  which,  within  the  infinite  swept  wing  approx¬ 
imation.  is 

y  =  6,  w  »  we  =  w§  =  const  (7b) 
with  w§  again  corresponding  to  the  measurements. 

The  validity  of  assuming  the  inviscid  velocity  components  u§  and  wg  to 
correspond  to  the  measured  values  was  investigated  by  comparing  the  solutions  obtained 
with  the  standard  method  prior  to  breakdown  and  those  with  the  inverse  method.  The 
comparison  showed  differences  only  in  the  third  decimal  place.  Even  though  the  standard 
method  has  indicated  separation,  those  with  the  inverse  methods  did  not  after  two 
sweeps.  This  allowed  us  to  conclude  that  the  separation  predicted  by  the  standard 
method  must  be  marginal  and  that  the  predictions  of  the  inverse  method  can  be  regarded 
as  equivalent  to  the  teal  flow. 

3.0  LINEAR  STABILITY  AND  THE  en-METHOD 


For  two-dimensional  incompressible  flows  the  calculation  of  the  onset  of  transition 
with  the  en-method  makes  use  of  solutions  of  the  Orr-Sommerf eld  equation 

iv  2  4  -  2  - 
4>  -  2a  <J>"  +  a  <p  -  lR(au  -  w)(<J>"  -  a  4>)  +  iRau"i|>  =  0  (8) 

which  is  usually  written  in  dimensionless  form  so  that  all  velocities  and  lengths  are 
normalized  by  a  reference  velocity  u0  and  length  1,  with  the  Reynolds  number  R 
defined  by  R  3  u0l/v.  The  radian  frequency  u  and  wave  number  a  are  made  dimensionless 
by  dividing  the  dimensional  quantities  by  u0/i  and  l/l,  respectively.  Primes  in  Eq .  (8) 
denote  differentiation  with  respect  to  a  dimensionless  distance  y(=y/S). 

In  the  solution  of  Eq .  (8),  either  temporal  or  spatial  amplification  theory  can  be 
used.  In  the  former  case,  the  wave  number  a  is  real  but  u  is  complex  (=ur  +  iui).  In 
the  spatial  amplification  theory,  a  is  complex  (=ar  +  ia^)  but  a  is  ceal.  In  this  case 
the  onset  of  transition  requires  the  evaluation  of  the  integral 
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a .  dx 
l 


(9) 


tor  a  set  of  specified  dimensional  frequencies  u*.  With  the  velocity  profiles  u  and 
their  second  derivatives  u"  obtained  from  the  solution  of  the  boundary-layer  equations, 
the  solution  of  Eq .  (8)  reduces  to  an  eigenvalue  problem  involving  four  scalar  quanti¬ 
ties  aE,  a^.  R  and  u.  The  numerical  procedure  to  solve  this  eigenvalue  problem  is  des¬ 
cribed  in  [11].  It  is  clear  that  the  value  of  R  is  known  at  any  streamwise  station  and 
that  the  real  and  imaginary  parts  of  wave  number  a  provide  two  equations.  Thus, 
solutions  can  be  obtained  provided  a  is  known. 

With  the  velocity  profiles  known  from  the  boundary- layer  equations,  the  solution  of 
Eg.  (8)  begins  at  a  Reynolds  number,  R,  greater  than  its  critical  value,  Rcr,  on  the 
lower  branch  of  the  neutral  stability  curve.  This  provides  the  desired  frequency  which 
allows  the  solution  of  the  eigenvalue  problem  in  which  a  is  computed  at  the  subsequent 
Reynolds  numbers.  This  leads  to  one  of  the  amplification  curves  of  Fig.  1.  The  process 
is  repeated  to  obtain  amplification  curves  for  different  values  of  dimensional  frequency 
o*.  As  can  be  seen  from  Fig.  1,  the  envelope  of  the  resulting  curves  corresponds  to 
the  maximum  amplification  factors  from  which  transition  is  obtained  by  assuming  a  value 
of  n,  commonly  taken  to  be  between  8  and  9. 


Fig.  1.  Variation  of  the  amplifi¬ 
cation  factors  with  distance  and 


This  envelope  procedure  is  useful  and  con¬ 
venient  for  two-dimensional  attached  flows  but  has 
limitations  for  more  complicated  flows  such  as 
those  with  separation  discussed  in  [12,13]  and  for 
the  three-dimensional  flows  of  this  paper.  A  more 
general  method  would  require  the  determination  of 
the  first  dimensional  frequency,  referred  to  as 
the  critical  frequency  which  achieves  the  pre¬ 
determined  amplif ication  factor  corresponding  to 
transition.  For  example,  we  observe  on  Fig.  1 
that  the  amplification  factor  computed  with  a* 
=  885  Hz  has  not  achieved  the  desired  amplifica¬ 
tion  factor  (say  n  =  9)  and  that  the  appropriate 
value  of  u*  is  between  662  and  759  and  needs  to 
be  determined  accurately. 


frequency  for  a  flat-plate  flow.  For  three-dimensional  incompressible  flows 

the  calculation  of  the  onset  of  transition  with 
tiie  en-method  makes  use  of  the  solutions  of  the  Orr-Sommerf eld  equation  which  now  has 
the  form 


4>X  V  -  2(a2  +  6 2 )  4> "  +  (a2  +  &2)2<t>  -  iR(au  +  Bw  -  u)[<}>"  -  (a2  +  »2 )  <t>  ] 


+  iR (au "  +  0w"  )<)>  =  0 


(10) 


Here  a  and  6  denote  the  dimensionless  wave  numbers  in  the  x-  and  z-directions  and  o  the 
radian  frequency.  In  temporal  amplification  theory,  the  two  wave  numbers  are  real  but 
a  is  complex  whereas  in  spatial  amplification  theory,  a  and  8  are  complex  and  o  is  real. 
The  eigenvalue  problem  involves  five  scalars,  a,  8,  wr,  and  R,  in  the  temporal  ampli¬ 
fication  theory  and  six  scalars  ar,  a^,  8r,  Bj,  u  and  R,  in  the  spatial  amplification 
theory.  The  solution  of  this  problem  is  considerably  more  difficult  than  its  counter¬ 
part  in  two-dimensional  flows. 

As  in  two-dimensional  flows,  both  temporal  and  spatial  amplification  theories  are 
used  to  compute  transition  with  the  en-method.  In  the  COSAL  code,  for  example,  Malik 
[14]  used  the  eigenvalue  procedure  based  on  the  temporal  amplification  theory  and 
assumed  that  the  wave  numbers  a  and  6  are  related  by  the  angle  4>  through 

=  tan_1(0/a)  (11) 

which  essentially  reduces  the  eigenvalue  groblem  to  that  of  two-dimensional  flows.  With 
4>  assumed  and  the  dimensional  frequency  ur  specified,  u  and  8  represent  one  unknown  from 
Eq .  (11)  and,  with  R  known  and  ur  specified,  the  second  unknown  is  the  growth  rate 
of  the  disturbance  Once  a  solution  for  an  assumed  <t>  is  obtained,  additional  calcu¬ 
lations  for  different  values  of  <J>  are  made  to  maximize  the  temporal  amplification 
rate  and  this  process  is  repeated  for  other  values  of  dimensional  frequency  oj  to 
find  the  critical  frequency  that  leads  to  the  most  amplified  Mack  used  a  spa¬ 
tial  amplification  theory  [15]  and  a  different  eigenvalue  procedure  in  which  he  assumed 
that  the  spanwise  wave  number  6  and  frequency  u  were  real  and  specified,  thus  allowing 
the  wave  to  grow  only  in  the  chordwise  direction.  The  values  of  6  were  obtained  from 
the  irrotationality  condition  applied  to  the  complex  wave  number  vector  which,  for  an 
infinite  span-wing,  requires  that  the  dimensional  spanwise  wave  number  8  remain  con¬ 
stant  as  the  wave  moves  downstream.  With  these  assumptions,  the  problem  reduces  to  the 
calculation  of  the  complex  chordwise  wave  number  a  at  each  chordwise  position  for  the 
specified  dimensional  values  of  8  and  u. 

The  eigenvalue  procedure  used  here  is  based  on  spatial  amplification  theory  and 
differs  from  that  of  Mack  in  that  the  relationship  between  the  two  wave  numbers  a  and 
8  is  not  assumed  but  is  computed  from  the  requirement  that  3a/38  is  real.  As  wa6 
pointed  out  by  Cebeci  and  Stewartson  [16]  and  Nayfeh  [17]  and  first  implemented  by 
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Cebeci  and  Stewartson  to  predict  transition  on  a  rotating  disk  [16],  thi6  procedure 
requires  that  the  eigenvalues  a  and  6  are  obtained  and  the  amplification  rate  T 
is  computed  from 


r 


[ai  '  (ff>U.Rei] 


(12) 


Additional  calculations  are  then  made  for  different  values  of  (3a/8B)  which  is  related 
to  the  disturbance  angle  d>  through 

♦  =  -tan'1  #„.H  (13) 

in  order  to  determine  the  maximum  amplification  rate  T.  In  the  spirit  of  the 
en-method,  the  values  of  T(x)  are  then  integrated  to  find  the  value  of  n  for  the 
specified  frequency.  As  for  two-dimensional  flows,  this  process  is  repeated  for  dif¬ 
ferent  dimensional  frequencies  to  find  the  critical  frequency  that  leads  to  the  most 
amplified  amplification  rate.  In  their  use  of  this  eigenvalue  procedure  for  a  rotating 
disk.  Cebeci  and  Stewartson  fixed  the  direction  of  the  disturbance  angle  <J>  as  computed 
on  the  three-dimensional  neutral  stability  curves  and  did  not  maximize  it  during  the 
calculations  but,  as  we  shall  discuss  later  in  this  paper,  T  can  vary  considerably 
with  4>  and  must  be  maximized. 

It  is  plausible  to  assume  that  the  en-method  calculations  for  three-dimensional 
flows  should  begin  on  a  neutral  curve  and  be  used  to  compute  the  dimensional  frequency 
needed  in  the  calculation  of  amplification  rates  as  in  two-dimensional  flows.  The  pre¬ 
cise  definition  or  extension  of  a  neutral  stability  curve  for  three-dimensional  flows 
has  not,  however,  been  formally  discussed  and  used  in  the  literature  except  in  the  work 
of  Cebeci  and  Stewartson  [16]  who  used  spatial  amplification  theory  to  define  this 
curve,  which  they  referred  to  as  a  zarf  [lit.  envelope  (Turk)],  as  that  on  which  dis¬ 
turbances  neither  grow  nor  decay  at  large  distances  from  the  origin  of  the  flow  in  any 
direction.  They  showed  that  a  and  B  have  the  properties 

“i  =  «i  =  °*  If  -  real  <14> 

and  the  zarf  which,  locally  at  least,  coincides  with  that  for  temporal  disturbances 
defined  by  the  requirement  ui  =  0  and  such  that  over  one  side  of  its  projection  on  the 
uE-plane,  <  0  for  all  a,  B,  while  on  the  other  side  >  0  for  at  least  one  pair  of 
values  of  o,  B.  They  recommended  the  use  of  the  zarf  for  each  o  as  the  origin  of  tran¬ 
sition  calculations  in  three-dimensional  flows  and  presented  zarfs  for  a  rotating  disk 
and  for  Blasius  flow  [18];  more  recently,  similar  results  have  been  produced  for  the 
leading  edge  of  a  wing  [19], 

As  we  show  later  in  the  paper,  the  use  of  zarf  can  substantially  reduce  the  effort 
required  to  determine  the  "critical"  frequency  that  leads  to  the  most  amplified  ampli¬ 
fication  rates.  In  addition,  they  can  be  used  to  estimate  eigenvalues  which  are  other¬ 
wise  difficult  to  obtain. 

4.0  RESULTS  AND  DISCUSSION 

The  procedure  described  in  Sections  2  and  3  was  used  to  determine  the  location  of 
the  onset  of  transition  on  the  infinite  swept  wing  configuration  investigated  in  the  F2 
wind  tunnel  at  Le  Fauga-Mauzac  Center  [8],  The  numerical  method  used  to  solve  the  eigen¬ 
value  problem  associated  with  Eq .  (10)  is  described  in  [20],  The  model  was  an  ONERA  D 
airfoil,  symmetric  between  x/c  =  0.20  and  x/c  =  1  and  equipped  with  a  cambered  leading 
edge  (Fig.  2a),  so  that  the  pressure  distributions  differed  from  those  observed  on  the 
classical  ONERA  D  profile.  The  chord  normal  to  the  leading  edge  was  300  mm  and  the  span 
900  mm  with  zero  angle  of  sweep.  The  wing  and  the  half-fuselage  were  mounted  on  a  turn¬ 
table.  The  experimental  arrangement  is  sketched  on  Fig.  2b.  Three  kinds  of  experiment 
were  performed  so  that  pressure  distribution  measurements,  wall  visualizations  by  sub¬ 
limation  technique  and  hot-film  measurements  were  obtained.  Ten  hot-films  were  glued 
on  the  model,  from  2.5  to  86  percent  of  chord,  and  recorded  simultaneously  for  more  than 
one  hundred  combinations  of  the  wind  tunnel  speed,  angle  of  sweep  and  angle  of  attack. 
The  positions  of  the  hot-films  are  indicated  on  Fig.  2b  and  were  chosen  to  avoid  inter¬ 
actions  between  probes.  This  was  verified  by  comparing  the  transition  positions 
obtained  by  the  hot-films  records  and  by  the  wall  visualization  (in  the  absence  of  hot- 
films):  the  results  were  similar.  Three  angles  of  sweep  (<t>  «  49,  55  and  61°)  and  four 
angles  of  attack  (a  =  0,  -2,  -4  and  -8°)  were  studied  and  typical  freestream  velocity 
distributions  are  plotted  on  Fig.  3;  due  to  the  presence  of  the  cambered  leading  edge, 
the  curves  exhibit  a  complex  evolution  in  the  negative  pressure  gradient  region. 

Before  we  report  and  examine  the  calculated  and  experimental  results,  it  is  useful 
to  discuss  the  procedure  used  to  obtain  the  eigenvalues  and  to  compute  the  dimensional 
frequencies  needed  in  the  en-method.  For  given  velocity  profiles,  the  stability  calc¬ 
ulations  began  on  the  zarf  whero.  with  R  known,-  and  a^,  Bi  zero,  the  eigenvalue  problem 
consisted  of  calculating  ar,  Bt  and  o.  With  the  requirement  that  3a/3B  is  real,  the 
eigenvalues  were  obtained  with  the  procedure  of  [20).  The  initial  estimates  required 
in  the  calculation  of  the  eigenvalues  were  obtained  with  the  use  of  zarfs  given  in  [19] 
for  the  flow  over  the  yawed  wing  with  freestream  velocity  V®  and  sweep  angle  X, 
where 

u®  •  V®  cosX,  we  «  V®  sink  (15) 
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(a)  *  HOT  FILMS 


Fig.  2.  ONERA-D  airfoil  with  a  cambered 
leading-edge:  experimental  setup. 


Fig.  3.  Typical  measured  velocity  distribu 
tions  (suction  side). 


Near  the  leading  edge  of  the  wing  where  ue  =  Ax,  use  was  made  of  the  similarity  solu¬ 
tions  of  the  boundary-layer  equations  so  that,  with  the  definition  of  the  Falkner-Skan 
transformation 


t|  W  -  y,  =  /uevx  f(x,n) 


(16) 


and  with  primes  denoting  differentiation  with  respect  to  n,  Eqs.  (3)  to  (6)  were 
written  as 


f " '  +  ff "  -  (f  *  +  1  =  0 

g " '  +  f  g "  =  0 

t,  =  O.  f  =  f'  =  g  =  g'  =  0;  u  -*  ne,  f*  -»  1,  g'  =  1 


(17) 

(18) 
(19) 


where 


u 

u  * 


g.  =  SL 

*  w 

e 


The  length  scale  8.  in  Eq .  (10)  was  chosen  to  correspond  to  Vv/A  and  the  characteris¬ 
tic  velocity  uQ  to  be  we  with  R  then  defined  as 


u  _  u  x 

R  =  (-)  tanX  /R,  .  Rx  =  -f- 
e 


(20) 


Since  the  velocity  profiles  u  and  w  in  Eq.  (10)  are  normalized  with  respect  to  the  char¬ 
acteristic  velocity  we. 


u=f'— =f’b,  w  =  g ' 
e 

where  now  b  =  ue/we.  With  the  definition  of  b,  R  can  also  be  written  as 

R  =  —r5 


(21) 


(22) 


Figure  4  shows  the  zarfs  near  the  leading  edge  of  an  infinite  wing  for  different 
values  of  b  and  that  for  b  =  0.  shown  separately  in  Fig.  5,  corresponds  to  the  zarf  for 
the  attachment  line.  Note  from  Fig.  5a  that  a  is  zero  for  all  values  of  R  less  than 
795  and  that  bifurcation  for  B,  Fig.  5b,  occurs  at  this  Reynolds  number  and  differs 
from  its  two-dimensional  form  as  shown  by  the  dashed  line.  As  discussed  in  [19],  |a|, 
BR  and  uR  approach  a  finite  limit  of  0.2025,  161.0  and  55.81  as  R  -*  ®.  Figure  6  shows 
the  variation  of  a,  8  and  o  at  higher  values  of  R  and  indicates  good  agreement  between 
the  calculations  and  those  predicted  by  asymptotic  analysis. 

Our  eigenvalue  procedure  also  makes  use  of  the  continuation  method  discussed  in 
[12,20]  so  that  the  velocity  profiles  u  and  w  under  consideration  at  R  are  defined  by 

u  -  uref  +  <l(u  -  uref )  •  w  -  wref  +  <3(w  -  wref)  (23) 

where  ucef  and  wtej  denote  reference  profiles  with  a  Reynolds  number  Rrej  and  with 
eigenvalues  of  a0,  B0  and  u0.  The  parameter  q  is  a  sequence  of  specified  numbers  rang¬ 
ing  from  0  to  1  and  it  follows  from  Eq.  (23)  that  the  profiles  u  and  w.  with  similar 
expressions  for  u"  and  w"  correspond  to  the  reference  profiles  q  =  0  and,  for  q  -  1,  to 
those  whose  eigenvalues  a,  6  and  u  are  to  be  computed  at  a  specified  R. 

In  our  eigenvalue  procedure  for  computing  the  zarf  near  the  leading  edge  of  the 
wing,  we  used  the  zarfs  of  Figure  4  and  their  velocity  profiles  to  correspond  to  the 
eigenvalues  a0,  0O  and  u0  and  reference  profiles  in  the  continuation  method.  This  pro¬ 
cess  facilitated  the  calculation  of  the  eigenvalues  for  the  zarfs  at  corresponding 


17-7 


x-locations  on  the  wing  and  sometimes,  with  the  choice  of  small  increments  in  q,  allowed 
the  calculation  of  a,  8  and  u  on  the  zacf. 

Once  a  zatf  was  computed  at  a  specified  R,  the  calculation  of  the  zarf  at  the  next 
Reynolds  number  made  use  of  the  continuation  method  again  and  the  profiles  of  the  previ¬ 
ous  station  and  their  eigenvalues  were  assumed  to  correspond  to  the  reference  eigen¬ 
values  and  profiles.  Figure  7a  shows  the  variation  of  zarf  u  along  the  leading  edge 
of  the  wing  for  X  =  49°,  Va,  =  60  ms-1  and  85  ms-1  at  a  =  0°  and  in  Fig.  7b  its  variation 
for  X  =  49°.  Vo,  =  60  ms'1,  at  a  =  -2°.  As  can  be  seen,  the  lower  branch  of  the  o-zarf 
is  negative  with  relatively  flat  values  of  u  away  from  the  leading  edge  whereas  u 
undergoes  a  very  rapid  variation  near  x/c  =  0.04  and  0.05.  Figures  8  and  9  show  that 
u  becomes  positive  and  increases  rapidly  around  x/c  =  0.04  for  a  =  0,  Vto  =  60  ms'1,  and 
around  x/c  =  0.05  for  a  =  -2°.  Vo,  =  85  ms-1.  This  behavior  of  u  near  the  leading  edge 
is  very  important  since  the  en-method  requires  the  calculation  of  the  frequency  which 
leads  to  the  most  amplified  amplification  rate  T.  An  accurate  calculation  of  this 
frequency  and  its  location  is  crucial  to  the  accuracy  of  the  transition  location. 


Fig.  7.  Variation  of  o  on  zarf  near  the  leading  edge. 


Fig.  8.  Variation  of  u  on  zarf  very  Fig.  9.  Variation  of  u>  on  zarf  very  close 

close  to  the  leading  edge  for  a  =  0°,  to  the  leading  edge  for  a  =  -2°,  Va,  = 

V„  =  60  ms'1.  85  ms-1. 

Once  the  eigenvalues  of  the  zarf  have  been  computed  at  a  specified  x/c-location.  we 
proceed  to  the  next  x/c-station  in  order  to  solve  the  eigenvalue  problem  for  a  and  8  for 
specified  dimensional  u  determined  on  the  zarf  with  the  requirement  that  3a/3B  is  real 
and  is  given  by  its  value  at  the  previous  x/c-location.  which  amounts  to  specifying  the 
disturbance  angle  <t>-  The  computed  values  of  a  and  8  are  used  to  calculate  the  amplifi¬ 
cation  rate  T  according  to  Eq .  (12)  and  we  then  assume  different  values  of  <J>  and  repeat 
the  eigenvalue  procedure  for  a  and  8  to  find  the  value  of  <J>  for  which  T  is  max¬ 
imum.  Once  it  has  been  determined  ,  we  proceed  to  the  next  x/c-station  and  compute  new 
values  of  a,  8  to  determine  T  and  repeat  the  procedure  to  obtain  its  maximum  value. 

Our  calculations  for  the  experimental  arrangement  of  [8]  indicated  that  it  was 
important  to  vary  <p  in  order  to  maximize  the  amplification  rate  T  and  that  failure 
to  specify  the  direction  of  the  disturbance  at  the  zarf.  produced  unacceptable  results. 

The  above  procedure  is  for  one  value  of  frequency  o  chosen  at  a  certain  x/c-loca¬ 
tion.  As  in  two-dimensional  flows,  it  is  repeated  for  different  values  of  o  computed 
for  a  zarf  at  different  x/c-locations .  Since  the  frequency  near  the  leading  edge  of  the 
wing  varies  drastically,  it  is  important  to  choose  these  x/c-locations  carefully.  Fig¬ 
ures  8  and  10  show  the  computed  frequencies  and  the  resulting  amplification  rates  F 
for  four  different  frequencies  for  X  =  49°.  a  =  0,  V®  =  60  ms-1.  As  can  be  seen,  the 
computed  ampl if ica t ion  rates  originate  almost  at  the  same  x/c-location  and  amplify  dif¬ 
ferently  depending  on  the  choice  of  the  frequency  and  may  give  different  predictions  of 
transition.  Figures  9  and  11  show  a  similar  behavior  for  X  =  49°.  a  =  -2°.  V*  *  85  ms'1 
and  indicate  clearly  that  the  amplification  rates  computed  with  frequencies  denoted  by 
1  and  4  lead  to  results  which  are  substantially  different  from  those  computed  with 
others . 

The  accuracy  of  the  above  procedure  for  computing  transition  was  investigated  for 
eight  cases  of  which,  „ix  were  for  a  sweep  angle  X  =  49°  and  two  were  for  X  »  55°. 
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Fig.  10.  Variation  of  the  amplification  Fig.  11.  Variation  of  the  amplification 
factors  for  the  frequencies  of  Fig.  8.  factors  for  the  frequencies  of  Fig.  9. 

Calculated  and  experimental  results  are  summarized  in  Table  1.  where  x0/c  corresponds 
to  the  location  of  the  critical  frequency  o£r.  As  can  be  seen,  the  predictions 
of  the  en-method  with  n  =  8  are  generally  in  agreement  with  the  experimental  data. 
Examination  of  the  streamwise  and  cross-flow  velocity  profiles  of  Fig.  12  for  different 
speeds,  angles  of  attack  and  sweep  angle  indicates,  as  expected,  that  the  streamwise 
velocity  profiles  remain  essentially  the  same  but  the  cross-flow  velocity  profiles 
undergo  drastic  changes.  It  is  interesting  to  note  from  Fig.  12a,  for  example,  that  the 
velocity  profile  that  leads  to  the  critical  frequency  at  (x0/c)  =  0.0375  is  between 
the  velocity  profiles  at  x/c  =  0.025  and  0.05  which  resemble  those  at  x/c  =  0.08,  yet 
does  not  lead  to  a  critical  frequency.  The  reason  for  this  behavior  is  the  rapid  vari¬ 
ation  of  the  frequency  with  Reynolds  number  as  discussed  before.  Transition  in  this 
case  occurs  after  the  cross-flow  velocity  profile  develops  a  flow  reversal  which  starts 
around  x/c  =  0.26. 

The  results  shown  in  Fig.  12b  which  are  for  X  =  49°,  a  =  -2°,  show  the  effect  of 
speed  on  the  velocity  profiles  and  that  the  location  of  the  velocity  profile  that  leads 
to  critical  frequencies  of  2000  Hz  and  3000  Hz  are  almost  the  same  for  each  speed.  On 
the  other  hand,  for  V®  =  60  ms'1,  transition  takes  place  after  the  velocity  profile 
develops  considerable  flow  reversal.  For  V®  =  85  ms-1,  however,  transition  takes  place 
almost  without  flow  reversal  in  the  cro6s-flow  velocity  profile.  With  decreasing  angle 
of  attack,  a  =  -4°,  the  location  of  the  velocity  profile  that  leads  to  a  critical 
frequency  of  4000  Hz  is  only  one  percent  different  than  the  case  for  a  =  -2°,  but 
with  a  frequency  twice  the  value  of  a  =  -2°.  Furthermore,  transition  in  this  case 
takes  place  without  the  flow  reversal  in  the  cross-flow  velocity  profile,  as  shown  in 
Fig.  12c  and  unlike  those  for  a  =  0  and  -2°. 


Table  1.  ' 

Comparison  of 

Calculated 

and  Experimental 

Results 

(X/c)tr 

a 

Voo |  ms” 1 

x0/c 

“5 

_r 

Exp 

Computed 

X  = 

49° 

0 

60 

0.0375 

0.03505 

(2500 

HZ) 

0.25 

<  |  <  0.30 

0.295 

0 

85 

0.0335 

0.02567 

(3000 

Hz) 

0.15 

<  |  <  0.20 

0.225 

-2 

60 

0.046 

0.03296 

(2000 

Hz) 

0.27 

<  -  <  0.31 
c 

0.31 

-2 

85 

0.0445 

0.02995 

(3000 

Hz) 

0.20 

<  -  <  0.25 
c 

0.22 

-4 

60 

0.0565 

0.07696 

(4000 

HZ) 

0.25 

<  -  <  0.27 
c 

0.25 

-4 

85 

0.0520 

0.06094 

(5500 

HZ) 

=  0.15 

0.19 

X  t 

55° 

-2 

60 

0.053 

0.04908 

(3000 

HZ) 

0.225 

<  -  <  0.30 
c 

0.26 

-2 

85 

0.047 

0.05461 

(5500 

HZ) 

0.15 

<  -  <  0.20 
C 

0.19 
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The  results  in  Fig.  12d  show  the  effect  of  sweep  on  the  behavior  of  the  velocity- 
profiles.  Comparison  between  the  velocity  profiles  for  the  same  speed.  Fig.  12b.  indi¬ 
cates  that  the  sweep  angle  reduces  the  flow  reversal  in  the  cross-flow  velocity  profile 
and  that  the  transition  for  X  =  55°  takes  place  with  a  cross-flow  velocity  profile 
which  displays  almost  no  reversal. 


Figures  13  and  14  show  predictions  of  the  present  method  and  those  of  the  COSAL  code 
[14]  for  two  cases  corresponding  to  X  =  49°,  =  60  ms-1  and  at  o  =  0°  and  -2°,  respec¬ 
tively.  With  a  critical  frequency  of  2500  Hz  located  at  x0/c  =  0.045  and  a  value  of 
n  =  6.7,  transition  for  a  =  0°  was  predicted  by  the  COSAL  code  at  x/c  •  0.27  which 
compares  well  with  the  result  of  the  present  method  which,  for  the  same  critical  fre¬ 
quency  at  x0/c  =  0.0375,  predicted  transition  at  x/c  =  0.295  for  n  =  8.  The  value  of 
n  used  with  the  COSAL  code  was  necessary  since  calculations  beyond  x/c  =*  0.27  did  not 
converge  with  higher  values.  Figures  13a  and  13b  show  that  the  variations  of  n  and  the 
direction  of  the  wave  propagation  angle  4>  computed  by  both  methods  are  in  excellent 
agreement  with  each  other.  For  the  case  of  a  =  -2°.  and  a  critical  frequency  of  2500 
Hz  located  around  x0/c  =  o.07,  the  COSAL  code  suggested  uransition  at  x/c  =  0.32  fur 
n  =  8  which  is  again  close  to  the  predictions  of  the  present  method  which  computed 
transition  at  x/c  =  0.31  for  the  same  value  of  n  but  for  a  critical  frequency  of  2000 
Hz  located  at  x0/c  =  0.046.  Figures  14a  and  14b  show  the  variations  of  n  and  <t> , 
respectively,  and  lead  to  conclusions  similar  to  those  drawn  in  relation  to  Fig.  13. 

In  contrast  to  the  present  method  which  computes  the  magnitude  and  the  location  of 
the  critical  frequency  on  the  zarf.  the  COSAL  code  assumes  the  magnitude  and  the  loca¬ 
tion  of  the  frequency.  Figure  15  shows  the  computed  values  of  n  for  X  =  49°,  Vo, 
=  60  ms-1,  a  =  0°  and  for  frequencies  ranging  from  0.5  Hz  to  4000  Hz  originated  at 
different  locations  near  the  leading  edge  of  the  wing.  As  can  be  seen,  it  is  necessary 
to  consider  a  wide  range  of  frequencies  as  well  as  their  origin,  x0/c,  in  order  to 
find  the  appropriate  value  for  transition. 

It  should  be  noted  that  the  calculations  which  originated  at  x0/c  =  0.037  yield 
the  best  agreement  with  experimental  data  and  those  originated  at  x0/c  =  0.05  and 
0.11  do  not  lead  to  amplification  rates  that  correspond  to  transition  according  to  the 
en  method  with  n  =  8.  These  results  confirm  that  the  location  as  well  as  the  magni¬ 
tude  of  the  critical  frequency  in  the  en  method  are  important  for  an  accurate  appli¬ 
cation  of  the  en-method. 


Fig.  13.  Comparison  of  the  amplification  factors  and  wave  propagation  angle  of  the 


present  method 
%  (3000  Hz)  fo: 


(solid  line) 
X  =  49°,  V* 


with  those  of  the  COSAL  code  at  two  frequencies 
=  60  ms-1 ,  a  =  0°  . 


0(2500  Hz) 


Fig.  14.  Comparison  of  the  amplification  factors  and  wave  propagation  angle  of  the 
present  (solid  line)  with  those  of  the  COSAL  code  at  two  frequencies  0(2000  Hz)  * 
(2500  Hz)  for  X  -  49°.  V„  -  60  ms"1,  a  -  -2° . 
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Fig.  15.  Effect  of  the  magnitude  and  the  location  of  frequency  on  amplification 
factors  computed  by  the  COSAL  code. 

The  present  method  can  also  allow  the  relationship  between  the  wave  numbers  a  and 
3  to  be  assumed  rather  than  determined.  Figures  16  and  17  show  variations  of  n  and 
<t>  for  \  =  49°,  a  =  -4°,  Va,  =  60  ms-1  and  X  =  55°.  a  »  -2°  and  Vo,  =  85  ms-1,  respec¬ 
tively,  obtained  with  the  wave  propagation  angle  <J>  computed  subject  to  the  conditions 


that  3a/38  is 

real,  which  implies 

that  $ 

is  given  by  Eq.  (13), 

and  that  it  is 

determined  from 

the  components  of  the 

inviscid 

velocity,  that  is. 

$  =  tan' 

-1  A 

vu  ' 
e 

(24) 

so  that 

3a 

33  ’  * 

We 

ue 

(25) 

The  assumed  relationship.  Eq.  (24).  simplifies  considerably  the  computational  effort 
and  provides  results  which  are  in  relatively  good  agreement  with  those  obtained  with 
4)  determined  according  to  Eq .  (13).  In  Figs.  16  and  17,  transition  is  predicted  at 
x/c  =  0.254,  0.194  according  to  Eq .  (13)  and  at  x/c  =  0.274  and  0.198  according  to  Eq. 
(24).  The  corresponding  distributions  of  4>  imply  a  need  for  caution  in  the  use  of  an 
assumed  relationship  between  a  and  8  and  reference  to  Fig.  12c  and  12d  suggests 
that  the  discrepancies  are  associated  with  the  tendency  for  the  crossflow  velocity 
profiles  to  develop  reversals  close  to  the  wall. 

5.0  CONCLUSIONS 

A  method,  based  on  a  combination  of  interactive  boundary- layer  and  linear-stability 
theories  has  been  developed  and  evaluated  for  the  calculation  of  the  three-dimensional 
f lows  on  infinite  swept  wings.  Emphasis  has  been  placed  on  the  calculation  of  the 
onset  of  transition  as  influenced  by  Reynolds  number  and  sweep  angle.  The  stability 
approach  is  based  on  spatial  amplification  theory  with  the  eigenvalue  procedure 


Fig.  16.  Comparison  between  the  amplification  factors  computed  by  the  present  method 
(solid  lines)  and  those  in  which  the  wave  propagation  is  determined  from  the  inviscid 
flow  direction. 
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Fig.  17.  Comparison  between  the  wave  propagation  angle  computed  by  the  present  method 
(solid  lines)  and  those  (symbols)  in  which  wave  propagation  is  determined  from  the 
inviscid  flow  direction. 


formulated  so  that  the  relationship  between  the  two  wave  numbers  is  determined  as  part 
of  the  computational  method.  The  usefulness  of  the  neutral  stability  curves  (zarfs) 
for  the  critical  frequency  and  its  location  needed  in  the  en-method  has  been  clearly 
demonstrated  for  three-dimensional  flows.  In  particular,  the  critical  frequency  occurs 
very  close  to  the  leading  edge  of  the  wing,  at  least  in  the  present  cases,  and  the  zarfs 
facilitate  their  correct  calculation  and  avoid  uncertainties  associated  with  the  choice 
of  magnitude  and  location  of  the  critical  frequency.  The  predicted  locations  of  transi¬ 
tion  are  shown  to  be  in  close  agreement  with  measurements  for  sweep  angles  of  \  =  49° 
and  55°,  for  angles  of  attack  of  a  =  0°.  -2°  and  -4°,  and  for  speeds  Vo,  =  60  ms"1  and 
85  ms"1. 
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SUMMARY 

The  oscillating  axisymmetric  flow  in  a  conically  tapered  tube  has  been  studied  experimentally  and 
by  numerical  analysis.  The  investigation  of  transition  to  turbulence  has  been  concerned  with  the 
position  in  the  tube  and  the  phase  at  which  turbulence  occurs  for  different  flow  parameters.  Numerical 
computation  with  an  inherently  unstable  explicit  finite-difference  scheme  exhibits  breakdown  at  a  phase 
of  the  oscillation  which  can  be  made  independent  of  the  numerical  parameters.  In  this  condition  it  is 
found  that  numerical  breakdown  and  observed  transition  occur  at  the  same  phase. 

The  computation  treats  an  axisymmetric  flow  and  so  cannot  model  the  detail  of  the  three-dimensional 
turbulent  motions. 


1  .  INTRODUCTION 

The  flow  studied  was  sinusoidally  oscillating  water  flow  in  a  conical  tube  joined  at  each  end  to 
cylindrical  tubes  which  were  long  enough  to  produce  no  end  effects  in  the  tapered  tube.  Figure  1  shows 

the  cross-section  of  the  tube  and  the  sign  convention.  We  shall  only  be  concerned  with  flow  from  the 

narrow  end  towards  the  wide  end  of  the  taper.  This  is  called  reversed  flow  because  the  application  of 
the  original  work  was  to  blood  flow  in  arteries  which  have  narrowing  away  from  the  heart.  The  flow  was 
started  from  rest  in  the  direction  towards  the  wide  end.  We  have  shown  that  the  characteristic 
parameters  are  Jhe  product  of  peak  Reynolds  number  and  the  taper  semi-angle,  ReG,  and  the  frequency 

parameter  a  =  —  /  <o/v  :  d  is  the  narrow  end  diameter,  u  is  the  angular  frequency  and  v  the  kinematic 

voscosity  of  the  fluid,  when  ReG  is  large  enough,  the  flow  approaches  separation  during  which  time  a 
jet  like  velocity  profile  develops  in  the  tube.  If  there  is  sufficient  time  in  the  cycle  the  jet 
develops  a  ring  vortex  at  its  head  and  the  flow  separates  from  the  wall.  Laminar  flows  have  been 
determined  by  numerical  solution  of  the  Navier-Stokes  equations  and  agreement  with  the  observed  flows 
was  obtained.  At  higher  Reynolds  numbers  the  flow  goes  turbulent. 

The  philosophy  on  which  the  method  is  based  is  that  when  a  laminar  flow  is  reasonably  modelled  by  a 
numerical  solution  for  a  given  set  of  boundary  conditions  one  should  expect  something  to  happen  to  the 
computed  flow  when  the  real  flow  goes  turbulent.  This  idea  seems  more  plausible  when  one  considers  that 
the  large  scales  of  turbulent  motion  bear  a  strong  resemblance  to  laminar  oscillations  at  lower  Reynolds 
numbers.  Such  intrinsic  laminar  oscillations  occur  in  separated  flows  which  display  extended  almost 
stable  oscillations  before  transition  to  turbulence  takes  place.  The  axisymmetry  of  the  solution 
constrains  any  numerically  determined  turbulence  to  be  essentially  two-dimensional  which  thus  cannot 
model  the  three  dimensional  nature  of  real  turbulence. 


2.  FLOW  IN  CYLINDRICAL  TUBES 

The  analysis  of  flow  in  cylindrical  tubes  of  circular  cross  section  has  been  thoroughly  treated, 
for  example,  by  Womersley  (1)  and  the  mathematics  of  this  is  relatively  simple.  Far  from  the  ends  of 
the  tube  the  pressure  gradient  balances  the  fluid  acceleration  and  the  skin  friction  stress  at  the 
walls.  The  theory  is  linear  and  so  velocity  components  determined  at  different  frequencies  can  be 
simply  added  together  to  find  the  solution  for  a  composite  waveform.  The  distribution  of  velocity 
across  the  radius,  r,  of  the  tube  depends  only  on  the  frequency  parameter  a.  When  the  value  of  a  is 
small  the  flew  is  quasi-steady  and  the  distribution  of  velocity  across  the  diameter  (the  velocity 
profile)  approximates  to  the  steady  poiseuille  flow  which  has  a  parabolic  velocity  profile.  This  holds 
for  a  less  than  about  2.  At  high  a  (>  8)  the  velocity  profiles  have  a  double  hump  with  a  flat 
distribution  in  the  centre  of  the  tube  as  shown  in  figure  2.  If  the  flow  is  produced  by  an  oscillating 
piston  the  centre  portion  moves  in  phase  with  the  piston  and  an  oscillating  boundary  layer  next  to  the 
walls  leads  the  phase  of  the  piston  motion;  The  flow  at  the  walls  reverses  before  that  at  the  centre. 


3.  FLOW  IN  TAPERED  TUBES 

In  a  tapered  tube  convection  moves  the  fluid  to  a  region  of  different  frequency  parameter  (a  is 
proportional  to  diameter)  and  therefore  the  speed  of  the  flow  is  important  as  well  as  the  frequency. 
This  means  that  the  non-dimensional  Reynolds  number  (»  cross  sectional  mean  speed  x  diameter/v)  enters 
as  a  characteristic  parameter  as  well  as  a.  The  equations  of  flow  are  no  longer  linear  even  at 
positions  far  from  the  ends  and  except  in  special  cases  a  numerical  solution  of  the  equations  is  in 
general  the  only  way  to  calculate  the  flow,  when  the  flow  is  steady  and  directed  towards  the  narrow 


end,  analytical  treatment  is  possible  as  shown  by  Eagles  (2).  When,  however,  the  flow  is  reversed  it  is 
more  complicated  and  is  much  more  interesting  fluid  dynamically. 

Steady  reversed  flow  in  a  tapered  tube  will  separate  if  the  Reynolds  number  or  the  taper  semi -angle 
is  large  enough.  Approaching  separation  the  velocity  profiles  are  like  those  of  a  jet  in  an  unbounded 
fluid.  Figure  3  shows  streamlines  and  velocity  profiles  in  this  case.  The  experiments  which  we  have 
made  on  oscillating  flow  will  be  described  in  the  next  section,  figure  4,  however,  is  presented  first 
because  it  is  the  oscillating  flow  counterpart  of  figure  3.  In  these  photographs  the  flow  is  made 
visible  by  e lectrolytically  producing  dyed  fluid  at  a  wire  spanning  the  diameter  of  the  tube.  The 
working  fluid  here  is  a  solution  of  thymol-blue  pH  indicator.  in  figure  4a  the  dye  from  the  wire  is 
seen  swept  by  the  reversed  flow.  The  jet  like  velocity  profile,  shown  by  the  dye  envelope,  is  clearly 
visible.  The  thrust  of  the  head  of  the  dyed  jet  is  spectacular ly  at  a  speed  in  excess  of  the  mean 
flow.  Separation  is  on  the  point  of  occurring:  The  dye  at  the  bottom  of  the  photograph  is  moving  to 
the  right.  The  jet  of  fluid  forms  a  ring  vortex  at  its  head  at  the  same  time  or  soon  after  separation 
takes  place.  The  developed  vortex  is  seen  in  figure  4b  in  which  dye  motion  to  the  right  at  the  wall  is 
seen  to  be  more  developed. 

Our  experiments  and  numerical  analysis  show  that  in  the  range  of  parameters  so  far  studied  the  peak 
reversed  flow  Reynolds  number  is  the  relevant  parameter  independently  of  any  added  steady  flow 
component.  The  Reynolds  number  only  influences  the  flow  through  the  product  ReO  in  the  tube  of  small 
taper  studied  here.  The  only  non-dimensional  parameters  of  significance  are  thus  ReO  and  a. 


4 .  EXPERIMENTS 

A  sinusoidally  oscillating  flow  was  produced  in  the  water  in  the  conical  tube  by  a  piston  driven 
from  an  electric  motor  via  a  Scotch  Yoke  system.  The  results  to  be  presented  were  obtained  only  for 
flow  started  from  rest  at  wt  *  180*  with  no  mean  flow.  In  flow  started  from  rest  an  alternative  to  the 
electrolytic  method  was  found  to  be  better  for  the  visualisation  of  the  jet  and  the  vortex.  In  this 
method  dye  was  injected  into  the  cylindrical  tube  at  the  narrow  end  of  the  tapered  tube  whilst  the  flow 
was  in  the  forward  direction  and  after  the  piston  was  stopped  at  the  a)t  »  180*  position.  After  the 
disturbances  due  to  dye  injection  had  dissipated  the  flow  was  started  from  rest  in  the  reversed  flow 
direction.  In  the  experiments  conducted  in  this  geometry,  at  the  low  valves  of  a  used,  the  following 
cycles  wer**  found  to  be  the  same  as  the  first.  This  needs  some  explanation.  The  value  of  a  at  the 
narrow  end  of  the  tube,  which  is  the  value  quoted  in  what  follows,  is  less  than  about  3  and  the 
development  of  the  jet  and  vortex  is  determined  by  the  conditions  at  separation  which  moves  to  a 
position  close  to  the  entrance.  The  flow  is  quasi-steady  and  so  independent  of  past  history  at  low 
values  of  a.  The  manner  in  which  the  flow  develops  is  shown  in  figure  5  produced  from  numerical 
analysis.  This  figure  shows  the  instantaneous  streamlines  at  three  values  of  the  phase.  This  flow  was 
called  flow  C  and  its  position  in  figure  6  is  indicated  by  this  letter.  This  flow  has  separation  but  no 
vortex  was  observed.  Separation  of  the  flow  is  initiated  well  down  the  tube  but  once  separation  occurs 
the  point  of  separation  moves  rapidly  towards  the  narrow  end.  Reattachment  of  the  flow  moves  out  of  the 
tapered  tube  at  the  wide  end. 

The  experiments  reveal  that  the  flow  has  a  series  of  regimes  which  depend  on  the  characteristic 
values  which  are  the  peak  reversed  flow  Reynolds  number,  Re,  and  a  at  the  narrow  end  of  the  tube. 

Figure  6  shows  the  regimes  of  the  flow  which  depend  principally  on  the  Reynolds  number.  At  low  Re  the 
flow  is  attached;  as  Re  increases  the  flow  separates  and  forms  a  jet;  at  still  higher  Re  the  jet 
exhibits  a  ring  vortex  at  its  head;  at  higher  Re,  the  vortex  and  jet  become  turbulent;  at  the  highest  Re 
the  transition  to  turbulence  of  the  jet  entrains  enough  fluid  to  suck  the  jet  back  onto  the  wall 
(turbulent  reattachment  takes  place)  and  the  whole  reversed  flow  becomes  undirectional  and  turbulent. 

The  dependence  on  a  is  weak  but  the  value  of  a  must  lie  in  the  transition  range  of  2  to  8  in  the  whole 
tube  for  the  vortex  production  to  occur.  The  transition  to  turbulence  takes  different  forms  depending 
on  the  Reynolds  number.  At  low  Reynolds  number,  the  head  of  the  vortex  goes  turbulent  first;  small 
scale  eddying  motions  are  seen  and  the  motion  of  the  vortex  departs  from  the  axial  direction.  At  higher 
Reynolds  number  the  jet  goes  turbulent  before  the  vortex.  Figure  7  shows  a  late  stage  in  the 
development  of  a  flow  in  which  the  jet  goes  turbulent;  this  was  called  flow  5  and  is  indicated  on 
figure  6.  In  this  flow  turbulence  starts  in  the  jet  following  the  vortex  which  is  seen  as  waves  in  the 
dye  at  the  bottom  of  the  jet.  Below  the  photograph  in  figure  7  are  computed  time-lines  obtained  with 
different  values  of  the  axial  mesh  length  as  indicated  in  Table  t.  The  agreement  between  computation 
and  observation  is  better  for  the  larger  values  of  the  time  step  (smaller  values  of  t)  ,  On  the  right 
hand  side  of  the  photograph  a  waviness  is  apparent  and  this  is  the  first  signs  of  transition  to 
turbulence.  The  growing  wave  is  reproduced,  in  position  and  speed,  in  the  computing  at  the  larger  time 
step  values.  We  are  able  to  compute  the  position  and  phase  of  vortex  appearance  for  the  different  flow 
conditions,  as  shown  in  Table  2. 


5.  NUMERICAL  ANALYSIS 

The  flow  in  tapered  tubes  is  computed  from  an  explicit  central  finite  difference  method  of  solution 
of  the  vorticity  equation.  The  vorticity  and  the  stream  function  were  obtained  and  from  the  stream 
function  the  velocity  field  was  determined.  The  method  of  solution  is  described  by  Savvides  &  Gerrard 
(4).  From  the  velocity,  time-lines  are  calculated  and  their  positions  plotted  by  computer  graphics. 
These  serve  to  compare  with  experimentally  produced  time-lines. 

The  geometry  considered  in  the  numerical  analysis  consisted  of  a  tapered  tube  with  abrupt 
transitions  to  cylindrical  tubes  at  each  end.  It  was  ensured  that  the  cylindrical  tubes  were  of 
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sufficient  length.  in  this  condition  the  flow  at  the  outer  ends  of  the  cylindrical  tubes  is  parallel  to 
the  axis  and  at  the  end  of  each  cylindrical  section  the  values  on  the  boundary  radius  were  equated  to 
the  values  at  the  same  radial  position  on  the  penultimate  mesh  line.  The  computed  flow  in  the  conical 
tube  had  no  upstream  influence  on  the  flow  in  the  cylindrical  tube.  In  the  first  computations  (the 
basic  model,  (ii).of  Table  t)  the  mesh  lengths  were  chosen  to  fit  the  tapered  tube  so  that  the  wall 
passed  through  mesh  intersections  as  well  as  the  axis  of  the  tube  beinq  a  mesh  line.  in  all  the  results 
to  be  presented  the  minimum  radius  contained  10  mesh  lengths  and  the  maximum  radius  40  mesh  lengths. 
Variation  of  these  showed  that  the  values  were  sa tisfactory .  In  later  numerical  work  the  numerical 
scheme  was  improved  to  allow  non-coincidence  of  the  mesh  intersections  and  the  wall.  Ttie  programme  was 
also  vectorised  to  run  on  the  Cyber  205  vectc**  processor.  The  non-vector isation  of  the  determination  of 
the  time  lines  meant  that  programmes  with  small  time  steps  and  mesh  lengths  were  still  expensive  in 
computing  time.  The  time  lines  required  400  points  on  each  initially  radial  time  line  in  order  to 
reproduce  their  later  convoluted  form. 

Thtt  solution  of  th^»  f  Lev  equations  away  from  the  wall  i-  nc  :  affected  by  the  non-coincidence  of 
mesh  intersections  with  the  wall  which  only  affects  the  determination  of  the  wall  vorticity  from 
extrapolation  from  the  field  points.  The  equation  used  to  determine  the  boundary  vorticity,  is 

24  ( (4  -  3  ^  cos  6) 
r  _ _ B+1  B  B+ 1 _ R _ 

8  Rk  ^  ( 8  -  5^  cos  6)  ( 8  -  5  ~  cos  8) 

R  -  R 

where  R  is  the  radius  of  the  section  at  B  and  k  is  as  shown  in  figure  8.  The  compu ta tiona  1  -  -heme  was 
adapted  so  that  when  calculating  n  and  ^  at  the  next  time  step  at  points  within  the  flow  at  points 
close  to  the  wall  such  as  C  in  the  figure,  the  value  e.  (=■  length  BC)  is  used  instead  of  g  on  the  wall 
side  of  the  point. 

The  explicit  finite-difference  method  used  here  and  published  by  the  author  in  1971  (3)  suffers 
from  what  is  generally  considered  to  be  the  disadvantage  that  it  is  inherently  unstable.  Stability  has 
been  increased  by  using  the  time-splitting  algorithm;  the  vorticity  value  adopted  at  the  end  of  each 
time  step  is  the  average  of  the  computed  value  and  that  value  obtained  by  linear  extrapolation  in  time 
from  the  values  at  the  i*sl  lwo  time  steps. 


6.  NUMERICAL  BREAKDOWN 

Numerical  breakdown  follows  the  growth  of  the  amplitude  of  the  velocity  undulations  in  the  tube 
flow  in  and  following  the  head  of  the  vortex.  The  undulations  increase  in  size  exponentially  at  first 
as  indicated  in  figures  9a  and  b  for  the  non-dimensional  velocity  on  the  tube  axis.  This  non- 
dimensional  speed  is  a  sinusoid  of  amplitude  unity  when  the  velocity  profile  is  parabolic.  In  the  later 
stages  the  amplitude  of  the  undulations  changes;  a  spike  with  a  positive  and  smaller  negative  excursion 
appears  behind  the  head  of  the  waveform.  In  the  final  stage  the  positive  spike  grows  to  values  (lO1^) 
wtyich  cause  computational  breakdown.  In  the  present  solution  the  stability  is  characterised  by 
z't  whe£e  z  =  Az/d  ( Az  is  che  axial  mesh  length  and  d  is  the  smallest  diameter  of  the  tapered  tube)  and 
t  =  10  T/At  (T  is  the  period  of  the  oscillation  and  At  is  is  the  tim^  step).  When  this  parameter  is 
large  the  computation  breaks  down  at  a  phase  which  is  independent  of  zJt,  as  shown  in  figure  10.  At 
these  larger  z  t  values  the  computational  breakdown  corresponds  in  vortex  position  and  phase  with  the 
observed  transition  to  turbulence.  Figure  11  shows  the  phase  (out)  of  appearance  and  disappearance  of 
the  vortices  for  laminar  and  turbulent  vortices  and  also  for  3  cases  of  turbulent  reattachment.  The 
ordinate  in  the  figure  is  chosen  so  that  the  points  collapse  onto  smooth  curves.  The  suffix  z  on  a  and 
Re  signifies  values  at  the  z  position  of  vortex  appearance.  The  open  symbols  show  the  observations  and 
solid  symbols  the  results  of  numerical  analysis.  Laminar  vortices  disappear  at  the  end  of  the  cycle; 
Transition  to  turbulence  annihilates  the  vortex  sooner  in  the  cycle,  similar  but  more  complicated 
results  were  obtained  for  the  positions  of  vortex  appearance  and  disappearance.  These  results  are 
summarised  in  table  2. 

Table  2  shows  the  position  in  the  tapered  tube  of  length  600  mm  at  which  vortices  are  formed  and 
where  they  disappear  due  either  to  the  end  of  the  cycle  being  reached  or  due  to  turbulent  breakdown. 

The  phases  of  appearance  and  disappearance  are  also  shown.  All  of  these  determinations  were  made  with 
the  basic  programme,  agreement  between  the  observed  and  numerically  produced  values  is  seen  to  be 

good  with  the  exception  of  the  positions  in  the  flow  showing  turbulent  reattachment. 

The  results  presented  were  obtained  by  applying  equal  weighting  at  each  time  step  to  the  two 
vorticity  values  in  the  time-splitting  algorithm  used  in  the  average  to  pass  on  to  the  next  time.  The 
vorticities  involved  are  that  calculated  and  that  linearly  extrapolated  from  the  previous  two  time 
steps.  When  more  weight  is  given  to  the  first  value  (even  upto  weights  of  0.993,  0.007)  little 
difference  is  seen  in  the  velocity  values  or  in  the  phase  of  breakdown  provided  z^t  is  large  enough. 

The  plateau  of  the  graph  in  figure  10  begins  at  higher  values  of  z^t  the  lower  the  weight  given  to  the 

extrapolated  value  in  the  time-splitting. 

whilst  it  may  seem  reasonable  to  expect  the  flow  which  goes  turbulent  to  be  associated  with 

computations  which  exhibit  breakdown,  there  seems  no  a  priori  reason  why  this  should  happen  at  the  same 

phase  of  the  motion  because  the  detail  of  the  transition  cannot  be  modelled.  The  observed  ^c^ement 
could  indicate  that  the  physical  mechanism  is  essentially  axisymme trie  in  these  flows. 

There  is  some  latitude  in  the  criterion  one  applies  to  indicate  breakdown.  One  could  for  example 
judge  the  computed  flow  to  be  turbulent  as  soon  as  nonlinear  growth  and  spike  formation  appears.  This 
reduces  the  breakdown  phase  by  as  much  as  30*  in  some  cases. 
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7.  CONCLUSIONS 

Experiments  have  shown  that  in  flow  towards  the  wider  end  of  a  conical  tube  the  flow  forms  a  jet¬ 
like  profile,  separates  and  develops  a  ring  vortex  when  the  Reynolds  number  exceeds  a  critical  value. 
The  ring  vortex  and  transition  to  turbulence  have  been  studied  in  sinusoidally  oscillating  flow  started 
from  rest.  Numerical  computation  has  been  performed  on  this  oscillating  flow  using  an  explicit  finite- 
difference  scheme  which  is  inherently  unstable.  This  instability  leads  to  breakdown  of  the 
computation.  It  has  been  found  that  for  sufficiently  small  time  step  and  axial  mesh  length  the 
breakdown  is  independent  of  the  numerical  parameters.  In  this  condition  the  numerical  breakdown 
predicts  the  phase  of  the  observed  transition  to  turbulence. 
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Fig.  10. 

The  phase  of  numerical  breakdown  as  a 
function  of  the  computational  parameters, 
z  =  Az/d  and  t  =  10~3,  period/ At. 


9a.  Exponential  increase  of 
the  velocity  at  the  vortex  head. 


+  =236.9 


9b.  Chaotic  development 
immediately  prior  to  breakdown 
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Fig.  9.  Non-dimensional  velocity  on  the  tube  axis  at  times 

approaching  break  down.  The  tapered  tube  extends  over  600mm. 
..........  Maximum  velocity  increasing  exponentially  with  time 

plotted  at  the  positions  of  the  maximum  in  9a  and  the  same 
curve  repeated  in  9b. 
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SUMMARY. 

This  study  is  devoted  to  the  presentation  of  a  numerical  code  solving  the  complete  three-dimensional  unsteady  flows.  The  code 
is  then  applied  to  several  flows  presenting  three-dimensionnal  instabilities.  The  unsteady  3-D  Navier-Stokes  equations,  in  velocity- 
pressure  formulation,  without  or  with  heat  transfers  according  to  the  Boussinesq  approximation,  are  integrated  by  a  semi-implicit  finite 
volume  method  using  staggered  meshs.  Four  flow  applications  are  given  in  this  paper:  i)  Purely  convective  flow  in  3-D  driven  cavity; 
ii)  Mixed  convective  flow,  with  thermal  aspects;  iii)  Natural  convection  flow  in  3-D  square  cavity;  and  iv)  Rayleigh-Bdnard  instability 
in  "small  boxes".  Using  2-D  result  comparison,  the  last  part  of  this  study  attemps  to  isolate  the  specific  3-D  effects  and  explains  the 
influence  of  three-dimensional  flow  structures. 

I  -  INTRODUCTION 

On  assiste  actuellement  a  l'imergence  de  nouveaux  outils  dans  la  pratique  de  l'airodynamique  en  milieu  industriel.  I) 
s'agit  de  codes  de  calcul  bases  sur  la  resolution  des  equations  de  Navier-Stokes  moyenn6es  munies  des  schemas  de  fermeture  4 
differents  niveaux,  qui  constituent  des  modeies  certes  trts  sophistiques  mais  qui  achoppent  toujours  sur  le  probieme  de  la  transition 
laminaire-turbulente.  La  presence  de  cette  demiere  est  en  effet  toujours  imposee  a  priori  ou  forcee  selon  des  cri tires  empiriques,  ceci 
independamment  de  la  modeiisation  de  turbulence  retenue. 

A  un  moment  ou  Ton  constate  un  regain  d'interet  pour  le  controle  de  la  laminarite  -  actif  et  passif  -  l'intiret  de  disposer 
de  modiles  de  turbulence  capables  de  prendre  en  compte  les  effets  de  transition  est  evident  Ceci  etant,  il  convient  de  reconnaitre  que  les 
difficultes  4  etablir  de  tels  modiles  tiennent  en  grande  partie  4  une  connaissance  insuffisante  des  micanismes  mis  en  jeu.  Ceci  est  du  il  la 
complexiti  d'un  phinomine  ou  coexistent  aes  ichelles  temporelles  tris  variees. 

A  l'heure  actuelle,  il  n'existe  pas  de  thiorie  unitaire  concemant  la  transition  laminaire-turbulente,  meme  pour  une  seule 
configuration  giomitrique  donnie.  Selon  les  idies  les  plus  ricentes,  la  transition  p>eut  etre  le  risultat  de  la  presence  simultanie  de  deux 
frequences  caracteristiques  non  commensurables  du  phenomine  physique  (BERGE,  POMMEAU,  /l/).  L'interaction  de  ces  frequences 
et  de  leurs  harmoniques  constitue  le  dibut  du  remplissage  spectral  conduisant  progressivement  vers  une  turbulence  forte  caractirisee 
par  un  spectre  continu,  Prenons  par  exemple,  recoupment  autour  d'un  cylindre  de  section  circulaire,  4  nombre  de  Reynolds  modiri. 

II  a  6t6  reconnu,  experimentalement  (TANEDA  HD  et  numeriquement  (MARTINEZ  /3 /  et  BRAZA  /4 /)  que  la  premiire  bifurcation  des 
equations  de  Navier-Stokes  concernant  cet  ecoulement  se  produit  vers  un  nombre  de  Reynolds  voisin  de  40  conduisant  d'un 
ecoulement  stationnaire  symetrique  4  un  ecoulement  instation naire  (piriodique)  asymmetrique  4  tourbillons  altemes.  Si  ce  permier 
changement  de  rigime  est  relativement  simple  4  identifier,  la  prochaine  "bifurcation"  est  dej4  plus  delicate  4  mettre  en  evidence. 

Suivant  les  conditions  experimentales,  on  constate  que  le  nouveau  changement  peut  provenir  de  plusieurs  origines 
differentes:  soit  une  "tridimensionnalisation"  des  rouleaux  tourbillonnaires  (TRITTON  /5 /),  soit  une  interaction  zone  de  milange- 
sillage  alteme  (BRAZA-CHASSAING-HA  MINH  /6/,  et  KOURTA-BOISSON-CHASSAING-HA  MINH  HD-  S’il  n  est  pas  possible, 
4  l'heure  actuelle,  de  se  prononcer  clairement  sur  l'avinement  premier  de  ces  deux  micanismes,  il  est  ivident  que  ia 
tridimensionnalisation  ne  pourra  etre  rivilie  qu'4  travers  une  resolution  complete  des  equations  de  Navier-Stokes  en  situation 
instationnaire. 


II  en  ddcoule  un  double  objectif  pour  le  travail  presente  ici  d'une  part,  examiner  les  problfcmes  sp€cifiques  au 
developpement  d’un  code  tridimensionnel,  et  d'autre  pan  d'dtudier  les  differents  regimes  observables  dans  les  instability  de  Rayleigh- 
Benard  en  "petites  boites".  Cette  configuration  etant  choisie  du  fait  de  son  faible  nombre  de  degr6s  de  libert6  qui  permet  de  suivre 
facilement  les  differentes  etapes  du  processus  de  destabilisation  de  recoupment. 


II  -  LE  CODE  DE  CALCUL 

Le  code  de  calcul  developpe  ici  est  destine  a  trailer  les  ecoulements  tridimensionnels  instationnaires  de  fluide  Newtonien 
avec  ou  sans  transfen  thermique  et  en  situation  isovolume. 

En  ce  qui  conceme  ce  dernier  point  il  convient  de  s'assurer  la  validity  de  l'hypothese  de  Boussinesq  pour  les  cas 
decoulement  avec  transfen  thermique. 

Les  equations  du  mouvement  sont  prises  sous  les  deux  formes  suivantes  selon  le  cas  traite: 
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Nous  evoquerons  rapidement  pour  le  systeme  (I)  les  bases  de  l'algorithmique  utilisee. 

II  s'agit  d'un  schema  predicteur-conecteur  du  a  CHORIN  /8/  qui  est  utilise  pour  decoupler  pression  et  vitesse  (The 
Pressure  Correction  Method). 

Ainsi,  a  l'aide  d'une  pression  estimee  P*  on  obtient  un  champs  de  vitesse  V*  de  prediction  satisfaisant  l’equation  : 

—  ~~  +  div  Vn  V*  =  -  grad  P*  +  div  (grad  V*)  (5) 

ot  Re 

Ce  champ  ne  satisfaisant  pas  a  priori  la  condition  de  continuit6,  on  introduit  un  champ  correcteur  sous  la  forme  : 

Vn+1  -  V*  =  -  grad  0  (6) 

Une  equation  pour  0  est  alors  obtenue  en  imposant  la  continuity  dans  (6)  soit : 

div  (  grad  0  )  =  div  V*  (7) 

La  pression  peut  etre  alors  reactual  is^e  sous  la  forme  : 

pn+1  =p*  +  0/5t  (g) 

Les  equations  (5)  et  (7),  discretisees  sur  les  maillages  decalies  de  la  methode  SMAC 191,  sont  resoiues  par  des  methodes 
implicites  i  directions  altemees  (A.D.I.). 

C’est  l’extension  3.D  du  schema  A.D.I.  de  PEACEMAN  et  RACHFORD  /10/  qui  est  retenue  pour  les  equations  de 
transport.  Ce  schema  (191  et  /10 /)  s’etant  reveie  inadequat  pour  l’equation  (7)  c’est  le  schema  A.D.I.  de  DOUGLAS  / 1 1/  qui  a  ete 
adopte,  cette  equation  etant  pour  l'occasion  munie  d'un  terme  devolution  temporelle  fictif  et  sa  solution  a  ete  obtenue  par  iteration 
jusqu'4  convergence. 


Pour  les  cas  d'ecoulement  avec  transfert  thermique  la  meme  algorithmique  est  udlisde  avec  quelques  adjonctions  : 

-  Un  terme  source  fonction  de  la  temperature,  au  second  membre  de  (equation  du  prddicteur  6valu6  It  l'instant  n; 

-  Une  equation  de  transport  pour  la  temperature,  rtsolue  en  fin  de  chaque  iteration  exteme. 
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III.  TEST  DE  VALIDATION:  ECOULEMENT  EN  CAVITE. 


III.l  -  Convection  forcee 


La  geometric  et  les  references  utilisees  pour  trailer  recoupment  de  cavite  en  convection  forcee  ("driven  cavity")  sont 
schematises  it  la  figure  1 . 


Y 


Figure  1.-  Configuration  de  recoupment  en  cavite. 


La  translation  de  la  plaque  superieure  exerce  sur  le  fluide,  un  effet  d’entrainement  qui  force  recoupment  dans  le  coin 
superieur  aval,  il  en  resulte  la  formation  d'une  masse  tourbillonnaire  quasi-bidimensionnelle  d'axe  y. 

Les  calculs  ont  ete  effectuds  it  des  nombres  de  Reynolds  basds  sur  la  vitesse  plaque  et  la  dimension  de  l’arete  de  100, 
400,  1000  et  2  000. 

On  verra  aux  figures  2  les  champs  de  vitesse  qui  en  rdsultent  dans  le  plan  de  symdtrie.  L'apparition  et  revolution  en  taille 
des  tourbillons  secondaires  recoupent  bien  les  observations  rapportdes  par  ailleurs  (DE  VAHL  DAVIS-MALLISON  /1 1/,  PAN- 
ACRIVOS  /12/,  TUAN-OLSON  /13/). 

A  noter  la  mise  en  evidence,  pour  la  premiere  fois  &  notre  connaissance,  du  tourbillon  T3  en  configuration 
tridimensionnelle. 
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Figures  2.-  Champs  de  vitesse  pour  divers  nombres  de  Reynolds. 


Aux  figures  3  on  trouvera  le  trace  des  profils  de  vitesse  sur  la  mddiane  verticale  du  cube,  compares  I  ceux  obtenus  par 
God  a  (14)  (figure  3a)  et  compares  entre  eux  pour  les  diffdrents  nombres  de  Reynolds  (figure  3b).  On  notera  pour  les  premiers  une 
bonne  concordance  et  pour  les  seconds  un  comportement  prdvisible  ou  ['augmentation  de  Re  conduit  &  une  diminution  des  "couches 
limites"  de  paroi. 
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Figure  3  a:  Frofils  de  vitesse  sur  la  mediane  verticale:  Re=  100  et  400. 


Re=  100. 
Re=  400 
Re=  1000 
Re=  2  000. 


Figure  3b.-  Frofils  de  vitesse  sur  la  mediane  verticale,  pour  differents  nombres  de  Reynolds. 

Ill  -  2  -  Convection  naturelle 

La  mise  en  mouvement  du  fluide  est  provoquee  maintenant  par  le  chauffage  a  des  temperatures  differentes  des  deux 
faces  de  la  cavitd  de  normale  x,  les  autres  faces  etant  supposes  adiabatiques.  Les  references  utilisees  sont  illustrees  4  la  figure  4. 


Figure  4.-  Conditions  aux  limites  en  convection  naturelle. 


Les  calculs  ont  portf.  sur  des  nombres  de  Rayleigh  de  103  et  10^  avec  un  nombre  de  Prandtl  de  0,71 . 


La  structuration  des  Ecoulements  obtenus  est  visible  &  la  figure  5,  ou  sont  portes  les  champs  de  vitesse  dans  le  plan  de 
symecrie  y  =  0,5- 


Figure  5.-  Champs  de  vitesse  en  convection  naturelle,  pour  Rayleigh=1000  et  10000. 

lei  encore  les  profils  de  vitesse  sur  les  medianes  ont  servi  de  base  de  comparaison.  Ne  disposant  pas  de  donnees 
tridimensionnelles,  nous  avons  utilise  les  resultats  du  calcul  de  PORTIER  et  al  /14/  en  cavite  carrEe.  Cette  comparaison  teste  cependant 
valable  dans  la  mesure  oil,  vu  la  faiblesse  des  nombres  de  Reynolds  mis  en  jeu  (respectivement  5  et  25)  le  mouvement  garde  un 
caractEre  quasi-bidimensionnel,  avec  un  simple  freinage  parietal.  On  verra  &  travers  les  EIEments  de  comparaison  de  la  figure  6  que  la 
concordance  est  trEs  satisfaisante,  les  vitesses  IegErement  infErieures  observEes  en  configuration  tridimensionnelle  s'expliquant 
aisement  par  le  freinage  pariEtal. 


Figure  6.-  Comparaison  calcul-expErience  en  convection  naturelle. 

IV  -  INSTABILITES  DE  RAYLEIGH-BENARD. 

Dans  le  cadre  d'Etude  des  Ecoulements  en  petites  boites,  la  gEometrie  la  plus  frequemment  adoptee  pour  les  experiences 
sur  modules  physiques  est  celle  reprEsentEe  it  la  figure  7  Les  dimensions  transversales  de  la  boite  sont  respectivement  Egales  S  2  et  1,2 
fois  l'Epaisseur  de  la  couche  pour  le  grand  et  le  petit  cotE.  Dans  une  telle  configuration  on  peut  s'attendre  a  voir  apparaitre  deux 
rouleaux  contrarotatifs,  d'axes  parallEles  it  l'axe  y.  Les  donnEes  du  problEme  -  gEomEtrie.  conditions  aux  limites  et  Equations  du 
mouvement  -  admettent  de  surcroit  deux  symE tries  par  rapport  aux  plans  mEdians  verticaux. 
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Figure  7  -  Configuration  decoulement  dtudie. 

La  distinction  existant  entre  le  comportement  des  ecoulements  en  grandes  et  petites  boites  est  souvent  expliquee  en 
termes  de  degres  de  liberte.  Les  grandes  boites  sont  ainsi  des  configurations  k  nombre  de  degres  de  liberte  eleve,  ce  nombre  est  au 
contraire  restreint  pour  la  configuration  "petite  boite".  Ici,  imposer  le  respect  des  symdtries  geometnques  du  probleme,  nous  a  semble 
etre  un  bon  nxiyen  de  limiter  encore  le  nombre  de  degres  de  liberte  du  systcme. 

Le  calcul  a  done  et i  effectue  sur  un  domaine  representant  le  quart  de  la  boite  et  maille  au  moyen  de  (22X12X22)  points 

en  (x,y,z). 

Nous  presentons  ci-dessous  des  resultats  representatifs  de  trois  regimes  nettemem  distincts  :  les  regimes  subcritique, 
convectif  stationnaire  et  instationnaire  monoperiodique.  Ces  resultats  sont  relatifs  a  un  fluide  de  nombre  de  Prandtl  modere  puisque 
e'est  le  cas  de  1'air  qui  a  ete  choisi  (Pr  =  0,71). 


IV.  1  -  Un  cas  de  retour  a  1'etat  de  repos 

Pour  une  couche  fluide  d'allongement  infini,  il  existe  une  valeur  critique  de  nombre  de  Rayleigh  Rac  =  1708  en  de?a  de 
laquelle  toute  perturbation  est  amortie  ,  le  fluide  reprenant  naturellement  un  etat  de  repos  associd  4  un  champ  thermique  stratifid  selon  un 
schema  de  conduction  pure. 

Pour  mettre  en  Evidence  ce  ph6nom£ne  dans  un  cas  oil  l’allongement  reduit  de  la  couche  conduit  i  des  valeurs  plus 
importantes  pour  Rac-  Nous  avons  effectu6  un  calcul  k  Ra  =  2000  &  partir  d'un  champ  de  vitesse  issu  des  calculs  en  convection 
naturelle  k  Ra  =  1000  done  avec  des  valeurs  de  vitesse  significatives  compte  tenu  de  conditions  de  chauffage  similaires. 

L’dvolution  au  cours  du  temps  de  la  vitesse  en  un  point  est  portee  k  la  figure  8.  On  y  observe  une  ddcroissance  reguliere 
de  la  vitesse  de  reference,  sa  valeur  passant  de  5  a  10'2  au  moment  ou  le  calcul  a  6t 6  arrete. 


Figure  8.-  Evolution  temporeile  de  la  vitesse  au  point  de  rdfdrence. 

L'^volution  au  cours  du  temps  du  profil  de  temperature  4  la  paroi  latdrale  est  portee  d  la  figure  9:  on  y  observe  une 
configuration  proban te  du  retour  k  un  etat  de  conduction  pure. 


d 
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Figure  9.-  Evolution  temporelle  du  profil  de  temperature  a  la  paroi  laterale. 


IV. 2  -  Deux  points  dans  le  regime  convectif  stationnaire 

A  partir  du  meme  champ  initial  que  celui  utilise  dans  le  cas  precedent,  nous  avons  obtenu  un  regime  convectif  pour  une 
valeur  Ra  =  20.000  montrant  par  la  qu'une  perturbation  identique  peut  etre  amortie  ou  amplifiee  par  des  conditions  de  chauffage 
differentes,  et  par  suite  donner  lieu  k  des  regimes  entierement  diffdrents.  L'dtude  du  regime  convectif  a  ete  completce  par  le  calcul  de 
l'ecoulement  i  Ra  =  35.000. 

Toujours  en  considerant  1'evolution  d'une  vitesse  de  reference  au  cours  du  temps,  on  observe  aux  figures  10 
letablissement  de  ce  second  regime. 


Figure  10a.-  Evolution  temporelle  d'une  vitesse  de  reference.  Ra=  20.000. 


Figure  10  b.-  Evolution  temporelle  d'une  viiesse  de  rdftrence.  Ra  =  35  000. 
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Les  ecoulements  stationnaires  obtenus  sont  Ulustrts  aux  figures  1 1  par  les  champs  de  vitesse  dans  le  plan  y  =  0.6.  On  y 
observe  une  structuration  qui,  extrapolee  sur  la  totalite  de  la  boite,  compte  deux  rouleaux  tourbillonnaires  alignds  le  long  du  petit  cot6. 
On  remarquera  egalement  dans  le  coin  superieur  gauche,  la  formation  d'une  zone  de  recirculation.  Dans  cette  rdgion,  en  effet,  la 
presence  de  deux  parois  affaiblit  suffisamment  la  convection  pour  que  les  forces  de  gravity,  qui  ont  ici  un  effet  antagoniste,  prennent  le 
pas. 


La  visualisation  des  isothermes  dans  le  plan  y=0,60  aux  figures  12  donne  une  idee  du  champ  thermique.  On  notera  que 
les  "couches  limites"  chaude  et  froide  supportent  de  forts  gradients  thermiques,  l'aval  de  ces  couches  est  cependant  "relaxd"  par  le 
mouvement  convectif  ;  de  meme  la  presence  d'une  zone  de  recirculation  a  l'amont  de  la  couche  limite  froide  a  pour  effet  de  "relaxer" 
cette  parne  o,  la  couche.  Le  centre  des  rouleaux  presente  par  contre  une  certaine  homogeneite  thermique. 

La  comparaison  entre  les  cas  Ra  =  20.000  et  Ra  =  35  000  semble  indiquer  que  tous  les  effets  sont  accentues  par 
l'augmentation  du  chauffage. 
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Figure  I  L-  Champs  de  vitesse  dans  le  plan  y  =  0.60. 


Ra=  3.5  104 


Figure  12.-  Champs  thermiques  dans  la  plan  y=0.60. 


Ra=  3.5  104 


IV  3  -  Un  cas  de  regime  instationnaire 


Pour  une  valeur  de  Ra  egale  a  100.000  nous  avons  pu  observer  l’etablissement  d  un  rdgime  periodique,  on  verra  i  la 
figure  13,  qu  apres  une  periode  transitoire  la  vitesse  de  reference  se  met  a  osciller  avec  une  regularite  remarquable. 


c.:i 
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Figure  13  -  Evolution  temporelle  de  la  vitesse  au  point  de  reference. 
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Pour  mieux  comprendre  le  phenomene  qui  apparait  on  pourra  observer  aux  figures  14  et  15  les  champs  de  vitesse  et  de 
temperature  traces  dans  le  plan  y  =  0,6  pour  deux  situations  extremes  en  opposition  de  phase. 

Dans  la  situation  (B)  les  champs  semblent  consumer  des  extrapolations  logiques  de  ceux  observes  lors  du  precedent 
regime,  il  n'en  sera  pas  de  meme  pour  la  situation  t  A)  oil  le  centre  du  rouleau  est  rejete  vers  le  haut  et  oil  la  zone  de  fluide  montant 
prend  1'apparence  d'un  secteur  a  45°  se  developpam  des  I'amont  de  la  couche  limite  chaude. 
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Figure  14.-  Champs  de  vitesse  dans  le  plan  y=0.60  pour  deux  simations  en  opposition  de  phase. 


Figure  15.-  Champs  de  temperature  dans  le  plan  y=0.60  pour  deux  situations  en  opposition  de  phase. 

A  ce  stade,  une  tentative  duplication  de  linstationnarite  peut  etre  donnee,  il  apparait  clairement  que  dans  la  situation  (B) 
I'amont  de  la  couche  limite  chai  de  est  soumis  a  de  tres  forts  grac-ents  thermiques,  il  semble  alors  que  seule  une  augmentation 
momentanee  et  locale  du  transfert  thermique  convecdf  puisse  ramener  cette  couche  k  un  niveau  de  contrainte  acceptable.  C'est  ainsi  que 
I  on  observe  I'elargissement  de  la  zone  de  fluide  montant  et  un  rejet  correlatif  du  rouleau  vers  le  coin  superieur  droit  du  domaine.  Cet 
effet  remettrait  en  cause  l'equilibre  dynamique  du  fluide  montant  parallelement  a  la  paroi  puisque  dans  cette  zone,  contrairement  a  ce  qui 
se  passe  a  I'amont,  1'augmentation  de  convection  s'accompagne  d  une  diminutton  des  gradients  de  temperature  qui  modere  le  premier 
effet. 


Pour  resume-,  nous  pouvons  dire  qu'en  ce  qui  conceme  le  regime  convectif  stationnaire.  1'augmentation  du  nombre  de 
Rayleigh  s'accompagne  d'une  augmentation  de  la  vitesse  de  rotation  du  rouleau.  La  couche  limite  chaude  reagit  de  maniere  differenciee 
a  cette  augmentation,  puisqu'elle  contrarie  le  transfert  thermique  a  I'amont  de  la  couche  et  le  favorise  a  1'aval.  L  apparition  du  regime 
periodique  correspond  alors  it  la  limite  de  contrainte  acceptable  a  I'amont.  Ceci  rend  necessaire  un  elargissement  de  la  zone  de  fluide 
montant  qui  contrarie  la  stabilite  dynamique  de  la  region  aval. 

Ces  considerations  etant  basdes  sur  des  observations  faites  dans  le  plan  de  symetrie,  il  semble  indispensable  de  voir 
comment  les  caracteristiques  observees  evoluent  en  fonction  de  la  coordonnee  transversale.  Pour  ce  fatre,  nous  presentons  a  la  figure 
16  le  trace  du  comportement  de  la  vitesse  de  reference  dans  differents  plans  de  normale  y.  Il  apparait  ainsi  que  les  oscillations  dont  les 
deux  plans  extremes  sont  le  lieu  sont  en  parfaite  opposition  de  phase.  Si  I  on  relie  les  maximas  de  ces  courbes,  il  semble  que  I  on 
puisse  mettre  en  evidence  1'existence  de  deux  osci!lat"”-s  fun  se  propageant  a  partir  du  plan  de  symetrie  et  I'autre  h  partir  de  la  paroi. 
L' oscillation  dont  le  plan  y  =  0,21  est  le  siege  consume  -sute  evidence  le  icsultat  de  la  superposition  de  ces  deux  oscillateurs. 

Le  mecanisme  cui  a  ete  observe  dans  le  plan  de  symetrie  serait  done  double  d'un  rnecanisme  identique  prenant  place 
dans  la  zone  parietale. 
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Figure  16.-  Comportemer.t  de  la  vitesse  de  reference  dans  differents  plans  normaux  a  y. 

V  -  CONCLUSION 

Le  code  de  calcul  d'ecoulements  tridimensionnels  instationnaires  presente  ici  a  ete  applique  aux  ecoulements  de  cavite 
cubique  en  configurations  de  convection  forces  et  de  convection  naturelle.  Les  resultats  obtenus  recoupent  bien  les  comportements 
observes  par  ailleurs  en  configuration  bidimensionnelle  ou  plus  rarement  tridimensionnelle.  On  notera  a  ce  sujet,  la  mise  en  Evidence, 
pour  la  premiere  fois  a  notre  connaissance,  en  configuration  tridimensionnelle,  du  troisieme  tourbillon  secondaire  de  l'ecoulement  de 
convection  forcee. 

L'application  du  code  aux  calculs  des  ecoulements  relatifs  aux  instability  de  Rayleigh-Benard,  a  par  ailleurs  confirme  la 
faisabilite  et  l  efficacite  de  ce  type  d'approche  dans  l'6tude  des  bifurcations  des  Equations  de  Navier-Stokes.  Dans  le  cadre  de  cette 
etude,  nous  avons  pu  mettre  en  Evidence  la  structuration  de  trois  regimes  d'6couIement  distincts,  les  regimes  subcritique,  convectif 
stationnaire  et  instationnaire  periodique.  Une  explication  quant  4  l'apparition  de  l'instationnaritd  a  pu  etre  avanc6e,  bas6e  sur  la 
constatation  d  une  h6terog€neitd  de  componement  au  sein  de  l'une  des  couches  limites  thermiques. 

Ainsi,  4  partir  d  une  certaine  valeur  du  nombre  de  Rayleigh,  l’dquilibre  thermique  de  l'amont  de  la  couche  serait-il 
incompatible  avec  l’equilibre  dynamique  de  l'aval  dans  le  cadre  d’un  6coulement  stationnaire. 
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SUMMARY 

The  combination  of  detailed  flow  field  studies  and  extensive  calculations  have  been 
used  to  construct  a  model  of  the  three-dimensional  interaction  of  shock  waves  and 
turbulent  boundary  layers.  Although  different  configurations  have  somewhat  different 
details,  a  general  flow  structure  consisting  of  a  flattened  vortical  field,  aligned 
along  the  shock  direction,  has  been  found  for  the  fin  and  swept  wedge  geometries 
examined  thus  far.  The  lower  part  of  the  entering  boundary  layer  is  involved  in  this 
vortical  structure,  while  the  outer  part  of  the  layer  flows  over  the  initial  structure, 
and  is  the  initial  phase  of  the  flow  developing  downstream  of  the  interaction.  Concepts 
of  separation,  vortices,  reattachment,  surface  flow  visualization  observations,  and  the 
assumption  of  steady  flow  are  not  supported  by  the  detailed  experimental  data. 

1.  INTRODUCTION 


The  study  of  the  three-dimensional  interaction  of  shock  waves  and  turbulent 
boundary  layers  has  been  underway  for  several  decades.  The  interest  in  this  phenomena 
has  been  spurred  by  the  practical  flow  problems  experienced  in  wing-fin/body 
interactions,  the  complex  interactions  in  supersonic  inlets,  and  the  flowfield  problems 
of  transonic  and  supersonic  propellers  and  fans.  Despite  the  studies  to  date,  the 
phenomena  is  still  not  well  understood,  modeled,  or  computed  to  the  accuracy  and  detail 
reguired  for  many  practical  applications  of  high  speed  flight.  The  studies,  which  in 
the  past  have  been  primarily  experimental,  have  been,  in  many  cases,  limited  to  single 
observations,  limited  geometrical  variations,  limited  flowfield  conditions,  and  are 
characterized  by  lack  of  detailed  and  redundant  measurements.  Their  interpretation  has 
been  strongly  influenced  by  what  has  been  perceived  as  a  well  understood  two-dimensional 
phenomena  of  shock  wave  turbulent  boundary  layer  interactions.  Probably  the  most 
detailed  attempts  to  explain  the  structure  of  the  interaction,  based  on  the  studies  of 
the  19  60  's  and  197  0's,  were  the  papers  by  Token,  Ref.  1,  and  by  Kubota  and  Stollery, 
Ref.  2,  which  reviewed  much  of  the  earlier  work  and  suggested  the  model  shown  in  Fig.  1. 
A  more  recent  review  by  Settles  and  Dolling,  Ref.  3,  includes  later  papers.  Of 
particular  impact  have  been  the  studies  by  Korkegi,  Ref.  4,  on  "separation",  the  conical 
cylindrical  concept  of  Lu  and  Settles,  Ref.  5,  the  extensive  studies  of  "secondary 
separation"  by  Zheltovodov,  Ref.  6,  and  the  series  of  studies  in  the  Gas  Dynamics 
Laboratory  of  Princeton  University.  There  was  the  general  observation  that  the  size- 
length  of  the  threa-dimensional  interaction  was  considerably  greater  than  the  comparable 
two-dimensional  interaction  with  the  same  boundary  layer  and  shock  wave  strength. 

A  flow  structure  postulated  in  Ref.  2,  Fig.  1,  included  elements  of  boundary  layer 
separation,  vortex  formation,  reattachment,  and  a  flowfield  made  up  of  separation 
shocks,  bifurcated  incident  shock  waves,  and  compression  and  expansion  waves  developed 
on  the  basis  of  displacement  thickness  estimates  and  limited  flow  visualization  data.  A 
large  part  of  this  analysis  was  based  on  surface  flow  visualization  and  mean  wall  static 
pressure  distributions,  with  limited  flowfield  data  or  visualization. 

In  hindsight,  one  might  critique  these  earlier  studies  in:  their  extensive  use  of  a 
surface  flow  visualization  technique  which  is  uncalibrated  in  high  speed  flows,  the  lack 
of  full  flow  visualization  [which  is  especially  critical  for  three-dimensional  flows  as 
'-empaled  to  two-dimer.cional  flows],  the  lack  of  flowfield  details,  the  assumption  that 
the  turbulent  interaction  is  steady,  and  the  limited  span  and  geometrical  variations 
which  characterize  most  of  the  tests. 

2 .  NEW  RESULTS 

During  the  past  15  years,  significant  additions  to  the  study  of  three- 
dimensional  shock  wave  boundary  layer  interactions  have  been  carried  out  in  the  Gas 
Dynamics  Laboratory  of  Princeton  University.  There  has  been  extensive  studies  covering 
a  range  of  geometries  and  test  conditions,  P.efs.  7-16.  These  studies  included  detailed 
examination  of  the  flowfield  yaw  angle  and  total  head  distribution  and,  in  recent  years, 
static  pressure  distribution.  High  resolution  wall  static  pressure  distributions,  both 
mean  and  at  high  frequency,  and  studies  of  some  new  configurations  [such  as  a  fin  with  a 
gap,  Ref.  16]  shed  some  new  light  on  the  flowfield  characteristics.  Of  equal 
importance,  has  been  the  extraordinary  contributions  made  by  extensive  computations,  in 
particular,  the  very  closely  coordinated  work  of  Dr.  M.  Horstman  of  NASA-Ames  and 
Professor  Doyle  Knight  of  Rutgers,  Refs.  13-15,  17.  It  is  the  combination  of  the 
analysis  of  the  new  experiments  with  the  computation  which  forms  the  basis  for  the 
present  report. 


The  present  paper,  for  brevity,  will  concentrate  on  two  geometries,  the  sharp  fin 
and  the  swept  wedge,  which  have  been  the  focus  of  the  most  extensive  experimental  and 
computational  studies,  Fig.  2.  Although  these  two  geometries  show  some  difference  in 
flow  details,  their  general  flowfield  structure  is  similar.  They  are  simply  examples 
which  are  used  to  frame  the  discussion  and  are  in  no  way  to  be  construed  as  being  fully 
understood  or  predictable.  The  experiments  were  performed  in  the  supersonic  high 
Reynolds  number  wind  tunnel  at  the  Princeton  University  Gas  Dynamics  Labo'-atory.  The 
facility  has  a  20  cm  x  20  cm  test  section,  with  a  nominal  freestream  Mach  number  of 
2.95.  The  settling  chamber  pressure  and  temperature  were  approximately  6.8  x  105  Pa  and 
2 5 1°K .  The  boundary  layer  thickness  at  the  apex  of  the  fin  is  approximately  16  mm, 
yielding  a  Reynolds  number  Rej^  =  9.8  x  105.  The  experiments  were  performed  under 
near  adiabatic  wall  conditions. 

The  data  to  be  discussed  herein  is  mostly  taken  from  details  in  the  references  and 
are  primarily  chosen  tc  remonstrate  a  particular  problem  or  concept.  The  surface 
visualization  results,  the  most  extensive  data  from  previous  studies,  is  summarized  in 
Fig.  3  where  the  sketches  for  the  fin  and  swept  wedge  identify  the  characteristic 
patterns  which  have  been  observed.  "Secondary  separation"  is  not  always  observed,  as 
will  be  discussed  in  Section  3.1.3.  An  example  of  some  of  the  new  data  might  be;  the 
static  pressure  measurements  in  the  flowfield,  Fig.  4a, b,  Ref.  18,  which,  together  with 
the  total  head  data,  permits  computation  of  the  entire  Mach  number  field;  the  static 
pressure  high  frequency  measurements,  Fig.  5a, b  of  Refs.  19,  20,  which  show  the  effect 
of  variable  shock  strength;  the  linkage  of  surface  visualization  data  with  the  detailed 
flowfield;  and  the  many  computations  based  on  the  Navier-Stokes  equations  with  different 
turbulent  models  carefully  matched  to  the  flow  and  geometry  of  the  experiments. 

In  the  following  section,  specific  elements  of  the  interaction  are  discussed  in 
detail,  using  experiments  and  computation.  These  elements  are  then  combined  in  Section 
4  to  construct  a  more  realistic  model  of  the  three-dimensional  interaction,  along  with 
some  suggestions  as  to  what  is  required  to  totally  validate  this  model. 

3 .  OBSERVATIONS 

3.1  Surface 

3.1.1  Upstream  influence  line 

The  upstream  influence  line,  defined  as  the  location  of  the  upstream  boundary  of 
the  disturbance  caused  by  the  fin  or  wedge,  can  be  determined  by  the  first  deflection  of 
the  surface  flow  visualization  technique  as  well  as  the  shape  of  the  detailed  pressure 
distributions.  Both  of  these  measurements  agree,  although  their  "mean"  character  masks 
the  unsteadiness  found  by  Tran,  Ref.  20.  His  measurements  clearly  showed  that  this 
upstream  boundary  is  "wiggly",  a  characteristic  which  the  mean  measurements  and  Reynolds 
averaged  computations  cannot  indicate.  The  physics  governing  the  sideways  [span] 
spreading  of  the  disturbance  is  not  at  all  clear  and,  to  the  author's  knowledge,  has  not 
been  predicted  theoretically.  An  important  observation  is  that  the  upstream  influence 
boundary  appears  to  occur  at  the  same  distance  upstream  of  the  shock  wave  location, 
independent  of  shock  strength.  Fig.  6,  in  direct  opposition  to  the  observations  of  two- 
dimensional  flows.  The  shape  of  the  initial  part  of  the  pressure  distribution  is  also 
quite  different.  As  the  shock  wave  strength  increases,  for  three-dimensional  flows,  the 
slope  increases ■ 

The  apex  effect  on  this  line  is  shown  by  Ref.  16.  When  the  apex  is  lifted  off  the 
surface  [increased  gap],  the  upstream  influence  line  moves  downstream,  although  the 
inviscid  shock  wave  is  in  the  same  location.  Fig.  7.  Within  the  limitations  of  the 
present  experimental  studies,  there  is  no  significant  change  in  the  orientation  of  the 
upstream  influence  line  away  from  the  apex  region.  Computations  for  the  fin  and  the 
wedge,  although  they  give  the  correct  general  shape  of  the  upstream  influence  line,  are 
shown  to  be  at  the  wrong  angle  [see  Section  3.1.5].  Thus  far,  grid  refinements  and 
modifications  of  the  turbulence  model  have  not  proven  helpful  in  making  the 
computations  a  better  approximation  of  the  experiment. 


3.1.2  Line  of  convergence 

From  surface  flow  visualization,  above  some  shock  strength,  a  line  of  convergence 
is  observed.  For  a  Mach  number  of  3,  in  the  experiments  at  the  Gas  Dynamics  Laboratory, 
this  occurred  for  a  fin  angle  of  about  8°.  This  observation  has  been  the  sole  basis  for 
many  discussions  involving  "separation".  Considerable  effort  has  been  placed  on 
examining  the  flowfield  around  this  region.  Thus  far,  the  experiments  have  found  no 
flowfield  detail  from  the  total  head,  yaw,  or  static  pressure  surveys  which  appeared  to 
give  any  physical  insight  into  the  observance  of  the  surface  phenomena.  It  is 
important  to  note,  however,  that  Tran's  detailed  studies,  Ref.  20,  have  shown  that  there 
is  a  major  peak  in  the  rms  fluctuating  pressures  between  the  upstream  influence  line  and 
the  line  of  convergence.  A  discussion  of  the  characteristics  of  the  flowfield  around 
the  line  of  convergence,  as  compared  to  the  observations  of  "two-dimensional 
separation",  is  given  in  detail  in  Ref.  22.  The  main  evidence  to  date  of  some  physical 
connection  of  the  flowfield  with  the  line  of  convergence  are  the  computations,  which 
indicate  a  surface  separating  the  original  two-dimensional  vortical  flow  and  the 
generated  three-dimensional  vortical  flow,  discussed  further  in  Section  3.2.2. 
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3.1.3  Secondary  separation 

This  phenomena,  identified  primarily  from  surface  flow  visualization,  is 

identified  by  a  quite  different  "signature"  than  the  line  of  convergence.  The  phenomena 
has  been  studied  extensively  by  Zheltovodov,  Ref.  6.  He  finds  that  the  phenomena 

appears,  disappears,  and  reappears  several  times  as  the  angle  of  attack  of  the  fin  is 
increased.  The  phenomena  has  been  observed  in  the  studies  at  the  Gas  Dynamics 
Laboratory  only  for  thin  boundary  layers.  For  thick  boundary  layers  [higher  Reynolds 
numbers],  with  shocks  of  similar  strength,  no  such  phenomena  has  been  observed.  There 
is,  at  the  moment,  some  considerable  question  as  to  the  physics  associated  with  this 

phenomena.  Since  there  are  questions  as  to  the  effect  of  Reynolds  number  and  steadiness 

of  the  flow,  and  there  is  a  lack  of  observations  in  the  flowfield  connected  with  this 
surface  indication,  the  phenomena  is  still  the  subject  of  some  controversy. 

3.1.4  Reattachment 


If  one  considers  that  the  flow  is  separated,  in  some  sense .  then  the  term 
"reattachment"  is  perhaps  a  realistic  description  of  the  line  shown  by  the  surface 
visualization  noted  in  Fig.  3.  Experiments  to  date  have  not  been  very  successful  in 
exploring  the  details  in  this  region,  but  the  computations  show  that  the  region  under 
study  is  close  to  the  region  observed  to  differentiate  the  flow  in  the  lower  part  of  the 
boundary  layer  [which  is  involved  in  the  vortical  region]  from  that  which  flows  over  the 
vortical  region  and  "attaches"  to  the  surface  for  the  first  time.  This  line  appears  to 
be  an  indication  of  the  initial  region  for  the  development  of  the  downstream  flow  from 
the  cop  part  of  the  original  boundary  layer. 

3.1.5  General  overview 


The  general  surface  observations,  primarily  from  surface  flow  visualization  and 
some  detailed  static  pressure  distributions,  seem  to  show  regions  with  significant 
curvature  near  the  apex  and  much  less  curvature  in  the  flowfield  far  from  the  model 
[spanwise].  There  has  been  considerable  discussion  in  the  references  about  an  inception 
region,  or  "near"  flow  region,  and  a  "far"  flow  region  where  assumptions  of  straight 
lines  of  cylindrical  or  conical  character  have  been  proposed.  The  difficulty  is  the 
determination  of  where  the  initial  region,  or  apex  region,  becomes  unimportant,  and  a 
far  flowfield  asymptotic  condition  is  observed.  Reference  23  has  shown  that,  within 
the  limits  of  the  present  experiments,  there  is  no  region  where  the  characteristics  of 
the  flowfield  approach  a  straight  line,  Fig.  8.  Unfortunately,  there  is  also  no  theory 
which  predicts  the  asymptotic  character  of  such  flows.  Although  the  conical  nature  of 
the  inviscid  flow  is  quite  clear  in  some  cases,  the  modification  and  growth  of  the 
vortical  system  and  the  surface  viscous  layer  have  not,  thus  far,  been  fully  evaluated. 
The  lack  of  detailed  checks  of  computation  against  the  experiment  makes  the  use  of 
computation  inappropriate  and,  although  statements  can  be  made  about  the  general 
characteristics,  details  are  still  missing.  The  concept  of  conical  or  cylindrical  flow, 
Ref.  5,  is  only  a  crude  approximation  and,  although  it  may  be  used  locally,  the  lack  of 
ability  to  predict  the  "virtual  apex"  for  the  so-called  "conical  flows"  makes  it  very 
difficult  to  use  the  information  in  a  general  design  procedure. 

3.2.  Flowfield 

3.2.1  Experimental  studies 

Experimental  studies  of  the  complex  flowfield  are  rather  sparse,  consisting  of 
vapor  screen  studies,  some  early  smoke  studies,  and  the  detailed  flowfield  probing 
carried  out  at  the  Gas  Dynamics  Laboratory  for  fin  and  wedge  flows.  An  evample  of  the 
detailed  flow  probing  for  a  20°  fin.  Fig.  4b,  9a,b,c,  shows  the  general  characteristics. 
A  large  part  of  the  flow  off  the  surface  remains  supersonic.  The  external  stream  is 
deflected  to  the  fin  angle  but  the  lower  part  of  the  interaction  region  is  quite 
complex.  In  general,  the  flow  is  deflected  along  a  line  approximating  the  imposed  shock 
shape.  The  lower  part  of  the  interaction  is  characterized  by  a  single,  flattened, 
vortical  flowfield.  Although  this  field  is  referred  to  by  many  as  a  vortex,  there  are 
no  characteristics  of  the  vortex  which  have  been  found  from  the  experiments.  There  is 
no  1/R  velocity  variation,  nor  is  there  a  low  pressure  in  the  center  of  the  so-called 
vortex.  Although  the  sonic  line,  initially  very  close  to  the  surface,  appears  to  raise 
off  the  surface  in  the  upstream  part  of  the  interaction,  it  quickly  returns  close  to  the 
surface  in  the  middle  of  the  interaction.  The  vortical  field  is  characterized  by  a 
significant  supersonic  component  along  the  shock  direction,  with  a  rather  slow  rotation. 
Although  flow  visualization  indicates  some  elements  of  an  internal  wave  structure,  the 
detailed  probing  of  the  flowfield  shows  only  rather  smooth  variations  of  static  and 
total  pressure.  The  calculated  Mach  number  distributions  shown  in  Fig.  9c  indicate  no 
internal  shock  waves  of  any  significant  strength,  nor  any  unique  features  of  the  flow 
associated  with  jets,  separation,  or  surface  details,  with  the  exception  of  the 
inception  line. 

3.2.2  Computation 

The  detailed  computations  of  Knight  and  Horstman,  Refs.  13-15,  have  been  a  major 
aid  in  the  interpretation  of  the  flowfield  surveys  carried  out  experimentally.  The 
computations  show  the  flattened  vortical  field  and  the  general  features  found  from  the 
experiment.  In  the  outer  part  of  the  interaction,  the  computations,  with  different 
turbulence  models,  give  the  same  results,  and  generally  agree  with  the  experiments.  The 
different  turbulence  models  result  in  major  differences  in  the  local  eddy  viscosity, 
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but  the  outer  flowfield  seems  to  be  insensitive  to  this  variation.  Close  to  the 
surface,  the  computations  with  different  turbulence  models  no  longer  agree  and,  although 
the  computations  give  the  general  surface  visualization  features,  they  do  not  agree  in 
detail  with  the  experiments.  In  the  surface  field  view,  i.e.  Figs.  10  and  11,  the 
computations  do  not  give  the  correct  spanwise  variations  for  *he  current  test  cases,  the 
10°  and  20°  fin,  and  a  24°  wedge  swept  at  40°  and  60°.  The  differences  between 
experiments  and  computation  seem  to  be  increasing  with  span,  and  neither  the  experiments 
nor  the  computations  appear  to  be  approaching  an  asymptotic  situation  in  the  region 
examined  thus  far.  For  the  swept  wedge  case,  the  computations  seem  to  be  less  capable 
of  capturing  the  details  than  for  the  fin.  Figure  12  gives  some  samples  of  surface 
pressure  distributions  for  24°  wedges  swept  60°. 

In  spite  of  the  limitations,  the  computations  provide  the  ability  to  trace  the  path 
of  individual  streamlines  which,  on  the  basis  of  the  current  experience,  appear  to  be 
reasonably  accurate  in  the  outer  part  of  the  interaction  but  are  questionable  close  to 
the  surface.  With  this  caveat  in  mind,  the  computations  have  defined  two  flow  surfaces 
labeled  1  and  2  in  Fig.  13.  Sheet  1  appears  to  originate  close  to  the  line  of 
convergence  found  from  the  surface  visualization.  The  sheet  contains  a  series  of 
streamlines  coming  from  different  positions  in  the  upstream  flow  [spanwise  as  well  as 
heightwise]  which  are  rolled  up  in  the  developing  vortical  flow.  Sheet  2  is 
constructed  from  a  series  of  streamlines  starting  in  the  original  boundary  layer  at  some 
height  off  the  floor.  These  streamlines  are  the  boundary  between  the  flow  which  enters 
into  the  vortical  structure  and  the  flow  in  the  outer  part  of  the  boundary  layer  which 
essentially  flows  over  the  vortical  flow,  attaches  to  the  downstream  wall,  and  forms  the 
initial  flow  continuing  downstream.  The  lower  part  of  the  boundary  layer  flows  spanwise 
[in  the  general  direction  of  the  incident  shock]  in  the  flattened  vortical  structure. 
The  central  streamline  in  the  flattened  vortical  structure  appears  to  come  from  a 
position  off  the  surface,  in  the  plane  of  symmetry  of  the  entering  flow.  The  plateau  in 
the  streamwise  pressure  distributions  appears  to  be  associated  with  the  flattened 
vortical  field.  Since,  in  these  detailed  tests,  there  was  no  surface  indication  of 
"secondary  separation",  there  is  no  information  from  any  of  these  studies  of  a  possible 
flow  structure  associated  with  that  phenomena. 

Computations  with  surface  suction.  Ref.  17,  show  major  changes  in  the  surface 
details  and  a  change  in  scale  of  the  interaction,  but  no  qualitative  change  in  the 
general  flowfield  structure. 

3.2.3  Fin  gap 

The  study  of  the  fin  with  a  gap,  Ref.  17,  which  raises  the  apex  from  the  floor  into 
a  supersonic  region,  also  appears  to  show  no  significant  change  in  the  overall  structure 
of  the  three-dimensional  interaction.  The  "detached"  flow  close  to  the  surface,  from 
Ref.  2,  appears  not  to  be  a  critical  factor  in  the  flowfield  development,  but  it  clearly 
determines  the  initial  spanwise  propagation  of  the  disturbance.  The  effect  of  the  major 
bleed  under  the  fin  seems  to  decrease  the  extent  of  the  initial  part  of  the  interaction, 
but  does  not  appear  to  change,  in  any  significant  detail,  the  shape  of  the  initial 
pressure  rise  and  seems  to  have  significantly  less  effect  downstream  of  the  incident 
shock,  Figs.  7  and  14a, b.  The  general  flowfield  structure  does  not  appear  to  be 
significantly  changed. 

3.3.  Other  Considerations 

3.3.1  Unsteadiness 


The  major  mean  flow  measurements  and  computations  have  neglected  the  measured 
unsteadiness  of  the  phenomena.  The  rms  pressure  levels,  for  the  same  initial  conditions 
and  shock  wave  strength,  in  three  dimensions  are  about  half  that  experienced  in  two 
dimensions,  Fig.  15.  This  indicates  a  quite  different  "processing"  of  the  initial  input 
from  the  same  "lumpy"  turbulent  boundary  layer.  The  unsteadiness  does  not  appear  to  be 
propagated  from  the  apex  spanwise,  but  is  rather  dependent  on  the  local  input  conditions 
along  the  interaction. 

3.3.2  Surface  visualization 


Surface  visualization,  an  uncalibrated  zero  frequency  response  phenomena,  shows 
features  which  have,  thus  far,  not  been  connected  to  flowfield  details.  It  is  probably  a 
questionable  technique  to  use  for  definition  of  flowfield  structure. 

3.3.3  Structural  variation  with  shock  strength 

Although  there  appears  to  be  a  difference  between  the  surface  visualization 
obtained  for  low  shock  strength  and  high  shock  strength  [fin],  the  computations  and 
flowfield  surveys  have  given  no  indication  that  anything  significant  happens  in  the 
flowfield.  The  flowfield  details,  as  the  shock  gets  stronger,  appears  to  just  sharpen 
the  features,  rather  than  to  show  different  phenomena. 


3.3.4  Lack  of  heat  transfer  details 

In  most  of  the  studies  to  date,  the  primary  surface  measurements  have  been  static 
pressure.  It  now  seems  clear  that  the  measurement  of  heat  transfer  and/or  skin 
friction,  in  detail,  would  provide  an  important  input  to  constructing  the  flow  model. 
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The  fluctuating  pressures  which  have  been  measured,  suggest  that  high  frequency  data 
would  be  desirable  and  a  key  factor  in  checking  the  validity  of  computation. 

3.3.5  Separation 

Although  the  term  continues  to  be  used  in  three-dimensional  flows,  based  primarily 
on  surface  visualization,  the  actual  phenomena  seems  quite  different  than  two- 
dimensional  concepts.  The  measured  unsteadiness  of  the  flows  makes  mean  flow 
measurements  and  present  computations  highly  suspect  in  the  region  being  studied. 

3.3.6  Asymptotic  solutions 

The  lack  of  data  or  a  theory  which  indicates  the  asymptotic  behavior  of  these 
interactions  at  large  distances  from  the  apex  makes  it  very  difficult  to  extrapolate  the 
present  results.  Extended  span  tests  would  be  of  major  help,  if  the  boundary  layer 
conditions  are  fully  documented. 

4.  CONSTRUCTION  OF  THE  THREE-DIMENSIONAL  FLOWFIELD 

On  the  basis  of  the  detailed  flowfield  experiments  and  computations,  the  following 
model  is  suggested  as  a  realistic  approximation  of  the  complex  flow.  Fig.  13.  It  has 
the  general  features  of  earlier  models,  but  differs  in  details.  The  three-dimensional 
interaction  consists,  in  the  lower  region,  of  a  flattened  vortical  field  which  grows 
from  the  apex  in  a  spanwise  direction.  Its  primary  axis  is  about  parallel  to  the 
imposed  shock  wave.  This  flattened  vortical  field  is  primarily  supersonic  and,  within 
the  range  of  the  current  experiments,  grows  approximately  conically  in  the 
configurations  that  have  been  studied  so  far.  There  is  no  way  of  currently  predicting 
the  asymptotic  behavior  of  this  structure.  Strong  streamline  curvature  occurs  only  in 
the  thin  layer  close  to  the  wall,  in  the  initial  part  of  the  interaction.  The  static 
pressure  distributions  through  the  flowfield  show  no  indication  of  a  vortex  or 
"separation".  Depending  on  the  geometry,  a  particular  lower  part  of  the  boundary  layer 
io  encompassed  in  this  developing  vortical  structure.  The  outer  part  of  the  boundary 
layer,  again  depending  on  geometry,  flows  up  and  over  the  vortical  structure,  attaching 
to  the  wall  downstream  and  providing  the  initial  conditions  for  the  downstream  flow. 
For  highly  swept  fin  interactions,  this  downstream  flow  is  limited  to  a  rather  narrow 
region  close  to  the  fin.  The  computations  and  experiments  have  provided  a  general 
framework  for  the  structure  shown  in  detail  in  Fig.  13.  At  present,  neither  the 
experiments  nor  the  computations  show  any  other  significant  feature  of  the  flow, 
although  there  is  some  indication  that  there  may  be  a  small,  weak  vortical  structure  in 
the  initial  part  of  the  interaction.  Thus  far,  there  have  been  no  details  associated 
with  the  so-called  "secondary  separation".  Since  the  flowfields  are  primarily 
supersonic,  it  is  clear  that  the  dissipation  in  a  large  part  of  this  interaction,  which 
extends  normal  to  the  wall  approximately  four  times  the  original  boundary  layer  height, 
is  quite  small  as  compared  to  the  two-dimensional  problem  with  a  comparable  strength 
shock  wave  and  boundary  layer  conditions.  It  is  this  characteristic  which  appears  to 
make  the  interaction  amenable  to  computation.  However,  considerably  more  work  on 
details  of  the  flowfields,  steadiness,  heat  transfer,  and  modeling,  is  required  to  fully 
understand  or  predict  these  complex  flows. 
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The  double-vortex  model  of  Kubota  &  Stollery  (Ref.  2). 


Test  Geometries: 


a)  Sharp  fin,  b)  Swept  wedge 


Typical  traces  of  surface  flow  streaks 
a)  Sharp  fin,  b)  Swept  wedge 


// 


e 


Fig.  5b.  Distribution  of  rms  of  wall  pressure  fluctuation  for  fin 
interaction.  Normalized  by  local  mean  pressure. 


Fig.  8.  llond imensionalized  Upstream 
Influence  Lines  for  Swept  Wedges. 
Open  symbols  -  P0  =  100  psi 
Closed  symbols  -  P0  =  300  psi 
//////  Sharp  fin 
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Fig.  10.  Computed  and  measured  surface  streaklines. 


Fig.  11.  Experimental/ Computed  upstream  influence, 
coalescence,  virtual  origin. 


Fig.  12.  Comparison  of  computation  and  experiment  for  a  3-D 
swept  compression  comer,  a  »  24°,  X  ■  60°. 
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Fig.  13.  Flowfield  structure  (not  to  scale). 


Fig.  14.  Dimensionless  Pressures 


Fig.  15.  Local  maximum  rms  (ms  "peak")  as  a  function 

of  the  inviscid  pressure  rise,  a)  Normalized  by 
local  mean  pressure,  b)  Normalized  by  upstream 
rms.  (2-D  ramp  data  for  highest  pressure  ratio 
(a  ■  24  deg.  obtained  from  Dolling  and  Or,  1983.) 
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RESUME 

Cet  article  presente  quelques  moyens  envisages  pour  controler  la  turbulence  des  cou¬ 
ches  limites  se  developpant  sur  un  avion  afin  de  reduire  la  trainee  de  frottement.  Ces 
moyens  sont  le  maintien  du  regime  laminaire  et  les  manipulateurs  internes  ou  externes  de 
couche  limite  turbulente.  La  description  des  phenomenes  mis  en  jeu  est  donnee  aprfes  avoir 
rappele  quelques  elements  essentiels  decrivant  d'une  part  le  processus  de  transition  et 
d' autre  part,  la  turbulence  dans  les  couches  limites. 

SUMMARY 


This  paper  presents  means  devoted  to  control  turbulence  in  boundary  layers  developing 
on  aircrafts  in  order  to  reduce  their  skin  friction  drag.  These  means  deal  with  the  la¬ 
minar  flow  control  and  the  use  of  internal  or  external  boundary  layer  manipulators.  The 
description  of  the  phenomena  which  are  involved  is  given  after  recalling  a  few  essential 
features  of  the  transition  process  and  of  the  turbulence  in  boundary  layers. 


1  -  INTRODUCTION 

Le  contrfile  de  la  turbulence  dans  les  couches  limites  se  developpant  sur  un  avion  a 
une  application  fondamentale  qui  est  la  reduction  de  trainee  de  frottement.  Pour  un  avion 
commercial,  la  trainee  de  frottement  represente  environ  40  a  50  %  de  la  trainee  totale  et, 
grossierement ,  la  moitie  de  la  trainee  de  frottement  provient  du  fuselage.  Dans  ces  condi¬ 
tions,  des  reductions  meme  modestes  de  la  trainee  de  frottement  peuvent  s'av^rer  int6res- 
santes  pour  am^liorer  les  performances  de  1' avion. 

Sur  les  ailes  ou  sur  des  elements  courts  tels  que  la  derive  ou  les  nacelles,  les 
gains  de  trainee  les  plus  impress ionnants  sont  envisageables  en  cherchant  a  rendre  la 
couche  limite  laminaire  sur  un  parcours  optimum.  Pour  y  parvenir,  on  agit  sur  les  pro- 
prietes  de  stability  de  la  couche  limite  laminaire.  L’analyse  de  ces  propri6tes  de  sta¬ 
bility  constitue  un  instrument  essentiel  de  controle  de  la  turbulence  puisqu'il  s' agit  de 
retarder  son  apparition.  Les  deux  moyens  pr > ’-'cipalement  consid6r6s  pour  maintenir  l'6cou- 
lement  laminaire  sont  d'une  part  le  dost  formes  conduisant  &  des  gradients  de  pression 

adequats  et  d' autre  part  1 ' aspiration  ale. 

Lorsrue  les  nombres  de  REYNOLDS  sont  trop  elevAs,  comme  sur  les  fuselages,  ces  tech¬ 
niques  sont  moins  attrayantes.  La  solution  envisag4e  est  une  action  sur  la  structure  de 
la  turbulence  4  1  aide  de  "manipulateurs".  Deux  types  de  dispositifs  sont  ytudi£s  :  les 
rainures  longitudinales  am^nagees  d  la  paroi  ("riblets”)  et  les  manipulateurs  externes 
(lamellc"  ou  profils  ins6r£s  dans  la  couche  limite  parallelement  4  la  paroi). 

Une  revue  de  ces  m£thodes  de  contrdle  de  la  turbulence  dans  les  couches  limites  est 
propos£e  dans  cet  article  aprds  avoir  rappeiy  les  yi^ments  principaux  qui  permettent  de 
d6crire  les  propri£tes  de  la  transition  et  de  la  turbulence. 

2  -  DESCRIPTION  DE  LA  TRANSITION  ET  DE  LA  TURBULENCE  DANS  LA  COUCHE  LIMITE 

La  comprehension  de  l'apparition  et  du  maintien  de  la  turbulence  s'appuie  sur  l'ytude 
de  deux  probldmes  :  d'une  part,  la  transition  du  regime  laminaire  au  regime  turbulent  et 
d'autre  part,  les  m6canismes  de  production  de  turbulence  dans  les  couches  limites  t.urbu- 
lentes.  Quelques  Moments  de  base  decrivant  ces  phynorndnes  sont  rappel6s  ici  car  ils  per¬ 
mettent  de  mieux  comprendre  les  moyens  envisages  pour  retarder  la  transition  ou  pour  r£- 
duire  le  frottement  parietal  des  couches  limites  turbulentes.  Inversement,  nous  verrons 
que  l'ytude  des  proc^dys  de  manipulation  de  la  turbulence  contribue  A  ytayer  certaines 
hypotheses  ymises  £  propos  des  processus  de  production  de  turbulence. 


2.1.  Transition  lair.inaire 


turbulent 


Ce  sujet  a  ete  traite  par  de  nombreux  auteurs  et  quelques  articles  de  synthdse  donnent 
une  tres  bonne  idee  de  l'etat  des  connaissances  actuelles  (voir,  par  exemple,  AGARD  Report 
N °  709,  Special  Course  on  Stability  and  Transition  of  Laminar  Flow). 


Ue  =  53  ft  s'1-  y=  0.023  in 


Fig .  1  -  Evolution  des  cndes  de  TOLLMIEN- 

SCHLICHTING  dans  une  couche  li- 
mite  laminaire  de  plaque  plane 
d’apres  SC HUBAUER  et  SKRAMSTAD 


L'exemple  de  transition  de  couche  limite  le  mieux  connu  est  bien  sur  relatif  a  l'ecou- 
lement  de  plaque  plane.  Experimentalement,  on  observe  que,  prds  du  bord  d'attaque  de  la 
plaque,  l'ecoulement  est  bidimensionnel  et  stationnaire  mais,  au-dela  d'une  certaine  abs- 
cisse,  il  devient  mstationnaire .  Des  visualisations  indiquent  tres  nettement  la  formation 
d 1 ondulations  qui  s'amplifient  vers  l'aval.  Correlativement ,  la  mesure  de  la  vitesse  en 
un  point  montre  une  variation  sinusoldale  quand  l'ecoulement  devient  instationnaire  (fi¬ 
gure  1).  En  fait,  les  observations  experimentales  de  SCHUBAUER  et  SKRAMSTAD  ont  confirme 
les  resultats  th6oriques  avances  par  TOLLMIEN  et  SCHLICHTING.  Cette  theorie  consiste  a 
analyser  la  stability  de  perturbations  infinitesimales  de  l'ecoulement  a  1’aide  des  equa¬ 
tions  de  NAV I ER- STOKES  linearisees  par  la  technique  des  petites  perturbations. 


On  introduit  la  fonction  de  courant  ,  et  on  suppose  que  la  perturbation  qu’elle  repre¬ 
sente  est  de  la  forme  : 


(1) 
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Les  perturbations  de  la  vitesse  sont  alors  donnees  par  la  partie  reelle  de  : 
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Dans  les  formules  ci-dessus,  les  longueurs  sont  rendues  sans  dimension  par  une  lon¬ 
gueur  de  reference  1  liee  a  l'epaisseur  de  couche  limite  ;  les  vitesses  sont  rendues  sans 

dimension  par  V  et  la  fonction  de  courant  par  V  1. 

o  o 

1 ,  i^,  a  et  w  sont  des  grandeurs  sans  dimension  qui  caracter isent  la  perturbation  ; 

:  est  l'amplitude  complexe,  a.  1 ' amplification  ou  1 ' amortissement  selon  que  a.  <  0  ou 
*i  >  :‘r  est  '*‘e  nom^re  d’onae  et  w  la  pulsation.  1 

En  reportant  1’expression  (1)  dans  les  equations  de  NAVI ER-STOKES  linearisees,  on 
obtient  une  equation  pour  l'amplitude  i  appelee  Equation  d ' ORR-SOMMERFELD  : 
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ou  R  est  le  nombre  de  REYNOLDS  forme  avec  V  et 

o 
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et  U(Y)  est  le  profit  de  vitesse  de  l'ecoulement  de  base  dont  on 
il  convient  de  noter  que  dans  cette  theorie  la  vitesse  verticale 
est  suppos6e  nulle  et  que  U  est  suppose  ne  pas  d^pendre  de  X.  La 
donnee  du  probldme.  Par  exemple,  dans  le  cas  de  la  plaque  plane, 
BLASIUS . 


6tudie  la  stabilite  ; 
de  l’ecoulement  de  base 
fonction  U ( Y >  est  une 
U(Y)  est  le  profil  de 


22-3 


Les  conditions  aux  limites  de  l'equation  (2)  sont  celles  d'adherence  4  la  paroi 
(u1  =  v'  =  0  en  Y  =  0)  et  de  perturbations  nulles  a  I'extdrieur  de  la  couche  limite 
(u'  *  0,  v*  -*  0  quand  Y  -  ■)  .  Pour  la  fonction  de  courant,  on  en  deduit  : 

1  =  0  =  0  pour  Y  =  0  et  Y  -►  “> 

Ainsi,  la  solution  ;(Y)  de  l'equation  (2)  est  en  general  i  =  0,  sauf  pour  des  combi- 
naisons  particulieres  des  parametres  a.,  a  ,  ai  et  R.  II  s'agit  d'un  probllme  aux  valeurs 

propres  qui  a  ete  resolu  par  de  nombreux  auteurs  pour  une  grande  variety  de  profils  U(Y). 

Cette  theorie  joue  un  role  fondamental  dans  les  etudes  pratiques  de  contrSle  de  la 
transition  car  c'est  sur  elle  que  repose  la  plupart  des  criteres  destines  a  prAvoir  1 1  ap¬ 
parition  du  regime  turbulent.  II  est  done  interessant  de  rappeler  quelques  rfesultats 
essentials. 

Tout  d'abord,  les  resultats  montrent  qu'il  existe  un  nombre  de  REYNOLDS  critique  en 
dessous  duquel  touts  perturbation  est  amortie.  On  en  deduxt  que  sous  l'effet  de  pertur¬ 
bations  in  f  ini tesimales ,  la  transition  ne  peut  se  produire  que  pour  des  nombres  du 
REYNOLDS  plus  grands. 

U  6. 

Pour  la  plaque  plane,  le  nombre  de  REYNOLDS  critique  R6,  =  — - — —  forme  avec  la 

^  ler  v 

vitesse  exterieure  4  la  couche  limite  et  avec  l'epaisseur  de  deplacement  vaut  520  ;  la 

U  x 
0  cr 

valeur  cor respondante  de  Rxcr  =  -  est  de  I'ordre  de  90  000. 

Le  nombre  de  REYNOLDS  critique  est  tres  sensible  a  la  forme  du  profil  U(Y) .  En  par- 
ticulier,  1  'existence  d'un  point  d'inflexion  de  la  fonction  U(Y)  rend  l'ecoulement  plus 
instable  et  le  nombre  de  REYNOLDS  critique  R<5-^cr  diminue  ;  c'est  le  cas  des  couches  li¬ 
mites  soumises  h  des  gradients  de  pression  positifs.  Pour  le  profil  de  decollement  de  la 

solution  de  FALKNER-SKAN,  le  nombre  de  REYNOLDS  critique  R6,  vaut  67. 

^  ler 

La  theorie  de  1 ' instability  montre  aussi  que  les  ondes  de  frequences  diff6rentes 
n'ont  pas  les  memes  proprietes  de  stabilite.  Dans  un  diagramme  (a  ,  R6.),  on  distingue 
deux  regions  :  1 ' une  oil  les  ondes  sont  instables,  1' autre  ou  ellei  sont  stables  ;  elles 
sont  sepanSes  par  la  courbe  neutre.  La  disposition  de  ces  regions  montre  que  pour  une 
valeur  donnee  du  nombre  de  REYNOLDS  Ro^  (superieure  a  la  valeur  critique),  seules  sont 
instables  les  ondes  dont  les  nombres  d'ondes  sont  compris  entre  les  valeurs  «  j  et 

de  la  courbe  neutre.  De  la  meme  fagon,  une  onde  de  frequence  donn6e  n'est  instable  que 
dans  une  certaine  gamme  de  nombres  de  REYNOLDS. 


de  la  courbe  neutre 


La  forme  de  la  courbe  neutre  depend  beaucoup  du  profil  U(Y) .  Dans  le  cas  du  profil 
de  BLASIUS,  la  courbe  neutre  se  referme  pour  R6^  ■*  ■ .  Au  contraire,  pour  les  profils 

U(Y)  avec  point  d'inflexion  (couches  limites  en  gradient  de  pression  positif),  il  existe 
toujours  une  gamme  de  nombres  d'ondes  instables  mime  pour  un  nombre  de  REYNOLDS  infini 
(figure  2)  ( theoreme  de  RAYLEIGH  -  Voir  SCHI. T CHTTNG1  . 


La  phase  initiale  de  la  transition  sur  ane  plaque  plane  est  done  le  d6veloppement 
d'ondes  bidimensionnelles  appelees  ondes  de  TOLLMIEN-SCHLICHTING  qui  sont  parfaitement 
decrites  par  la  theorie  de  1 1  instability  lineaire. 

Ces  resultats  sont  trds  importants  en  pratique  car  e'est  sur  eux  que  reposent  les 
criteres  de  transition  les  plus  sQrs  utilises  actuellement.  N6anmoins,  il  est  interessant 
de  donner  une  breve  description  des  processus  de  transition  qui  font  suite  aux  ondes  de 
TOLLMIEN-SCHLICHTING  car  les  mecanismes  observes  ont  une  certainc  analogie  avec  les  ph6no- 
menes  de  production  de  turbulence  au  voisinage  de  la  paroi,  en  couche  limite  turbulente. 

Les  ondes  de  TOLLMIEN-SCHLICHTING  peuvent  Stre  representees  par  un  syst&me  de  tour- 
billons  d'axe  parallele  a  l'envergure  (HINZE,  1975).  Initialement ,  ces  tourbillons  sont 
parfaitement  rectilignes  mais  au  bout  d'un  certain  parcours,  une  legere  deformation  ap- 
parait  et  les  tourbillons  cessent  d'etre  bidimensionnels  (figure  3).  Sur  les  cretes  les 
plus  en  aval,  cette  sinuosite  induit  une  vitesse  verticale  positive  (dirigee  de  la  paroi 
vers  la  frontiere  de  la  couche  limite)  alors  que,  sur  les  cretes  les  plus  en  amont,  elle 
induit  une  vitesse  verticale  negative.  La  tSte  (partie  aval)  des  tourbillons  deformes  a 
done  tendance  a  s'eloigner  de  la  paroi,  alors  que  la  traine  (partie  amont)  s'en  rapproche. 
Simultanement ,  la  tete  se  dirige  vers  des  regions  de  vitesse  moyenne  plus  elevee  et  la 
deformation  des  tourbillons  est  accentuee.  Ces  tourbillons  subissent  un  etirement  impor¬ 
tant  et  donnent  naissance  a  un  systdme  de  tourbillons  longitudinaux  associes  par  paires 
de  signe  oppose. 

A  ce  stade,  les  tourbillons,  bien  que  tres  distordus,  forment  encore  une  structure 
tres  reguliere.  Prugressivement ,  une  zone  de  fort  cisaillement  3U/3y  est  transportee  de 
plus  en  plus  loin  de  la  paroi  ;  en  meme  temps,  les  profils  de  vitesse  sont  deformes  et 
presentent  un  point  d' inflexion  de  plus  en  plus  marque,  ce  qui  favorise  une  grande  ins¬ 
tability.  II  faut.  noter  egalement  que  le  cisaillement  3U/3Z  devient  tres  intense,  ce  qui 
peut  creer  des  zones  tres  instables. 

La  tete  des  tourbillons  s'eleve  jusqu'a  des  distances  de  l'ordre  de  y/6  =  0,6  -  0,8 
ou  il  se  forme  une  zone  de  deficit  de  vitesse  longitudinale .  L ' enregistrement  de  cette 
vitesse  fait  apparaltre  un  pic  tres  violent  dirige  vers  les  faibles  valeurs.  Cette  etape 
est  suivie  de  la  formation  d'un  double  pic  (figure  4). 

Correlativement,  1' intensity  tourbillonnaire  augmente  fortement.  La  figure  5 
(KOVASZNAY  et  al,  1962)  montre  les  lignes  de  valeurs  constantes  de  3U/3y,  ce  qui  repre¬ 
sente  approximativement  la  composante  suivant  z  du  rotationnel.  Les  resultats  de  mesures 
de  vitesses  des  figures  4  et  5  sont  obtenus  pour  des  valeurs  fixees  de  x  et  z  pour  les- 
quelles  on  observe  la  formation  d'un  double  pic  (figure  5)  ;  les  valeurs  de  3(J/8y  sont 
obtenues  par  di f ferenciation  des  valeurs  de  U  mesuryes  simultanebment  £  differences  dis¬ 
tances  de  la  paroi  ;  ces  mesures  sont  rep6tees  pour  diff6rents  instants  t  reduits  par 
la  periode  T  des  ondes  initiales.  En  transformant  le  temps  t  en  une  abscisse  x  par  une 
sorte  d'hypothyse  de  TAYLOR,  la  figure  5  donne  1 ' image  a  un  instant  donne  d’une  coupe 
de  l'ecoulement  par  un  plan  (x,  y)  passant  par  la  tete  des  tourbillons.  Les  vagues  succes- 
sives  des  zones  de  fort  rotationnel  peuvent  s’ organiser  suivant  plusieurs  schemas  mis  en 
evidence  soit  par  1 ' experience ,  soit  par  des  simulations  numeriques  reposant  sur  la  reso¬ 
lution  directe  des  equations  de  NAV I ER- STOKES  (GILBERT-KLEISER) .  Des  theories  non  line- 
aires  d ' interaction  entre  les  ondes  primitives  sont  developpees  pour  expliquer  les  meca¬ 
nismes  de  passage  a  la  transition  apres  la  phase  des  ondes  de  TOLLMIEN-SCHLICHTING 
(HERBERT,  CRAIK) . 

Le  detail  des  evenements  conduisant  ensuite  a  la  turbulence  est  moins  bien  determine. 

Il  semble  qu'il  se  forme  un  ensemble  de  tourbillons  autour  de  la  zone  de  formation  de 
double  pic  ou  des  couches  de  cisaillement  intense  ont  ete  creees.  Cet  agglomerat  de  struc¬ 
tures  tourbi 1 lonnaires  constitue  un  spot  de  turbulence  dont  les  contours  sont  representes 
schematiquement  sur  la  figure  6.  Ensuite,  par  contamination  de  l'ycoulement  environnant 
du  a  des  mecanismes  d' entrainement  et  d ' instability  induite,  les  spots  grossissent  et  la 
couche  limite  finit  par  devenir  entierement  turbulente.  Il  est  a  noter  que  les  spots  tur- 
bulents  apparaissent  de  fagon  aleatoire  aussi  bien  en  temps  qu'en  espace  (figure  7).  Des 
experiences  ont  ete  realisees  pour  controler  la  formation  de  ces  spots  (COLES  -  SAVAS) . 

Des  perturbations  regul.ierement  espacees  en  envergure  et  imposees  a  intervalles  de  temps 
bien  definis  creent  des  spots  ordonnes  ;  quand  les  conditions  de  1 'experience  sont  correc- 
tement  choisies,  la  couche  limite  devient  pleinement  turbulente  a  une  abscisse  plus  grande 
qu'en  transition  naturelle.  L ' explication  proposee  est  que  1 ' epanouissement  des  spots  est 
fortement  contraint. 

Mentionnons  que  des  experiences  realisees  a  la  NASA  LANGLEY  ont  mis  en  evidence  aes 
reductions  du  frottement  turbulent  (GOODMAN  -  Figure  8).  A  cette  fin,  une  rangee  de  gene- 
rateurs  de  spots  turbulents  (trous  relies  a  des  haut-par leur s ) ,  judicieusement  disposes 
sclc.;  la  direction  transversale  de  l'ecoulement,  est  introduite  dans  la  partie  laminaire 
de  la  co'-che  limite.  Des  echelles  de  turbulence  plus  faibles  ont  ete  enregistrees  dans  la 
partie  initiale  de  la  couche  limite  turbulente.  Certains  auteurs  qualifient  la  couche  limite 
ainsi  perturbee  de  couche  limite  "synthe tique"  (THOMAS). 
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Fig .  3  -  Deformation  Jes  lignes  tourbil- 
lonnaires 


Fig-  4  -  Observation  de  la  region  de  tran¬ 
sition  S  1 1  aide  de  visualisations  par  fu¬ 
me  es  (d'apres  KNAPP  »t  al)  et  allure  de 
1 'evolution  de  la  vitesse 

a)  dans  la  region  des  ondes 

b)  et  c)  dans  la  region  des  pics  (voir 

aussi  figure  5) 

d)  dans  la  region  de  formation  des  spots 
turhulents 
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Fig •  5  -  Lignes  iso-  lors  de  la  for¬ 
mation  du  second  pic  (KOVASZNAY  et  al) 

A  :  premier  pic  ;  B  :  second  pic 


Fig .  6  -  Vues  de  cote  et  de  dessus  d'un  spot 
turbulent  cree  artif iciellement  dans  une  couche 
limite  laminaire  par  une  etincelle  electrique  - 
Ug  =  9  ms-1  (d'apres  SCHUBAUER-KLEBANOFF)  -  Les 
vitesses  indiqudes  caracterisent  1 ' avancement 
apparent  des  differentes  frontidres  du  spot  tur¬ 
bulent 


Fig.  7  -  Transition  laminaire-turbulent 
d'une  couche  limite  de  plaque  plane  - 
Evolution  de  la  vitesse  dans  la  zone  de 
turbulence  intermittente  :  d6veloppement 
des  spots  turbulents  (d'apres  ARNAL  et  al. 
1977) 


Fig .  8  -  ContrSle  des  spots  d’ EMMONS  ; 
Evolution  du  coefficient  de  frottement 
avec  la  frequence  acoustique  des  gen6- 
rateurs  de  spots  turbulents 
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b)  Profils  de  vitesse  dans  la  couche  limite 


X/2=  0675  Gc‘n  M  y= 0,5mm 


Xi'C  =  Q73  OQH20  y  a  0,5  mm 
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X/C  -0,825  Coin  to  y=0(5mm 


x/c  =:  0,375  Oor.  to  y  =  0,5mm 

X/c  =  0,025  Ga'ii  2  y  =  0,5mm 


>'-_000  Ga-n  ?  y=  C5mm 

c)  Evolution  de  la  vitesse  y  =  0 , 5  nun 


d)  Evolution  du  spectre  d! .  ergie  de  la 
fluctuation  longitudinale  de  vitesse 
y  =  0 , 5  mm 

Fig .  9  -  Transition  avec  gradient  de  pression  sur  profil  ONERA  D  (COUSTEIX-PAILHAS , 
1979)  -  a  =  0  U0  =  24  ijs"^  c  =  200  mm 

Le  processus  de  transition  qui  vient  d'etre  ddcrit  ne  s'applique  pas  &  tous  les  6cou- 
lements .  Par  exemple,  dans  le  cas  d'une  couche  limite  se  d^veloppant  avec  un  gradient  de 
pression  suf f isamment  intense  pour  conduire  au  d6collement  de  la  couche  limite  laminaire 
(COUSTEIX  -  PAILHAS) ,  il  semble  que  le  processus  de  transition  conserve  une  structure 
assez  bien  ordonn<§e  jusqu'A  un  stade  avancS  car  1 'analyse  spectrale  de  la  vitesse  indique 
le  d^veloppement  d'un  spectre  de  raies  avec  des  harmoniques  et  des  sous-harmoniques  du 
fondamental  (figure  9).  N^anmoins,  dans  ce  cas,  les  calculs  de  stability  lin6aire  sont 
en— trds  bon  accord  avec  1' experience  lorsque  les  ondes  instables  sont  deceives. 


Dans  le  cas  d'une  couche  limite  sur  une  paroi  concave,  la  premiere  phase  de  transi¬ 
tion  est  la  formation  de  tourbillons  de  GORTLER  d'axe  longitudinal  dont  la  provision  ne 
relive  plus  de  la  th£orie  des  ondes  de  TOLLMIEN-SCHLICHTING  mais  d'une  th6orie  de  sta¬ 
bility  voisine  dans  laquelle  la  forme  des  ondes  est  adapt£e  au  probl^me  (FLORYAN  -  SARIC) 

Dans  d’autres  cas,  le  stade  d ' instability  est  pratiquement  inexistant.  Ainsi,  lorsque 
la  couche  limite  laminaire  est  perturbye  par  un  ycoulement  ext6rieur  fortement  turbulent, 
des  spots  turbuler  ts  peuvent  se  former  bien  qu ' apparemment ,  1'ytape  des  ondes  de  TOLLMIEN 
SCHLICHTING  ne  joue  pas  de  r61e.  De  fait,  lorsque  des  perturbations  de  forte  amplitude 
sont  introduites  dans  la  couche  limite,  le  nombre  de  REYNOLDS  de  transition  peut  ytre 
infyrieur  au  nombre  de  REYNOLDS  critique  (phencmyne  de  "by-pass”  suivant  1 ' appellation 
de  MORKOVIN) . 


22-7 


2.2.  Couche  limite  turbulente 


Globalement,  la  couche  limite  turbulente  est  caractdris6e  par  1' existence  de  deux 

couches  :  1 ' une  au  voisinage  de  la  paroi  et  1' autre  qui  occupe  physiquement  la  plus  grande 

partie  de  la  couche  limite  dans  sa  region  exterieure.  La  region  de  paroi  est  caractdrisfee 

par  l'echelle  de  longueur  visqueuse  v/U  (v  =  viscosite  cinfematique,  U  =  vitesse  de  frot- 

1/2  T  T 
tement,  U_  =  (x  /p)  )  et  la  region  exterieure  est  caracteris£e  par  l'epaisseur  de  la 

couche  limite  6. 


Les  ^changes  d'energie  4  l'interieur  de  la  couche  limite  peuvent  d’abord  etre  ana¬ 
lyses  4  l'aide  de  la  decomposition  classique  de  la  vitesse  en  une  composante  moyenne 
et  une  composante  fluctuante.  L'energie  cinetique  totale  est  alors  la  somme  de  l'dner- 
gie  cinetique  du  mouvement  moyen  K  et  de  l'energie  cinetique  du  mouvement  turbulent  k. 

La  couche  limite  etant  alimentee  par  l'ecoulement  moyen,  une  partie  de  l'energie  K  est 
convectee  par  le  mouvement  moyen.  Une  autre  partie  est  dventuellement  produite  (ou  de- 
truite)  par  le  travail  de  la  pression  (terme  en  U  dp/dx) .  Une  troisieme  partie  de  l'ener¬ 
gie  K  est  transferee  par  les  mouvements  turbulents  depuis  la  region  externe  vers  la  re¬ 
gion  interne.  Enfin,  dans  la  region  interne,  un  echange  d'energie  entre  le  mouvement 
moyen  et  le  mouvement  turbulent  s'opere  sous  l'effet  du  travail  de  la  tension  turbulente 


apparente  -  <u'v'> 


3U 

ay 


dans  la  couche  limite,  ce  terme  est  g£neralement  positif  et  corres 


pond  a  la  creation  d'energie  k  aux  depens  de  l'energie  K.  La  production  d’energie  de  tur¬ 
bulence  s'effectue  essentiellement  dans  la  region  interne  (y+  <  50)  et  atteint  son  maximum 
autour  de  y+  =  10.  L'energie  turbulente  ainsi  crede  est  en  grande  partie  dissipee  loca- 
lement  et  se  trouve  done  transformee  en  chaleur  sous  l'effet  du  travail  de  deformation 
des  fluctuations  des  tensions  visqueuses.  Enfin,  une  grande  partie  de  l'excedent  d'ener¬ 
gie  k  est  transferee  vers  la  rdgion  exterieure  de  la  couche  limite  par  suite  des  mouve¬ 
ments  turbulents.  Bien  que  la  decomposition  en  grandeur  moyenne  et  turbulente  soit  tout 
a  fait  artif icielle ,  la  description  precedente  montre  les  interactions  entre  les  regions 
externe  et  interne. 


Dans  la  region  externe,  les  transferts  spatiaux  de  quantite  de  mouvement  moyenne  se 
font  essentiellement  sous  1' action  de  la  turbulence  refletee  par  la  tension  turbulente 
apparente  -  s  <u'v'>  car  la  tension  visqueuse  u(3U/3y)  y  est  comparativement  tres  faible. 
Aussi,  la  region  externe  est  dite  pleinement  turbulente  mais  la  viscosite  y  joue  cependant 
un  grand  role  par  son  effet  dans  le  phenomene  de  dissipation.  Dans  la  region  interne,  la 
viscosite  joue  un  r61e  plus  direct  sur  le  comportement  de  la  vitesse  moyenne  qui  ob6it  a 


la  loi  de  paroi  U 
me  logarithmique  U+  =  - 


+  =  f(y+) 
in 


(U+  =  U/V 


(X 


y+  +  C 


■  y'  = 

0,41 


yUT/v) 

C  =  5) 


Cette  loi  de  paroi  tend  vers  une  for- 
lorsque  y+  >  40.  Cette  extremity  supd 


rieure  de  la  region  interne  est  la  region  de  recouvrement  avec  la  forme  deficitaire  qu'on 
utilise  pour  etudier  la  region  externe  et  qui  prend  dans  cette  region  de  recouvrement  une 


forme  logarithmique 


U 


in  l  + 

o 


D  ou  D  est  un  coefficient  dependant  des  conditions 


devolution  de  la  couche  limite. 


La  description  globale  de  la  couche  limite  turbulente  est  utilement  completee  par 
1 'etude  de  la  repartition  spectrale  de  l'energie  en  un  point  de  la  couche  limite.  Cette 
repartition  est  liee  a  la  fois  a  des  echelles  locales  liees  a  la  position  du  point  dans 
la  couche  limite  et  a  des  echelles  plus  generales  telles  que  l'epaisseur  de  la  couche 
limite  ou  les  echelles  caracter istiques  de  la  dissipation.  Ainsi,  PERRY  et  al  proposent 
pour  la  fluctuation  longitudinale  de  vitesse  dans  la  region  turbulente  de  paroi  une  de¬ 
composition  du  spectre  qui  fait  intervenir  plusieurs  domaines  :  vers  les  faibles  nombres 
d'ondes  (associes  aux  plus  grosses  structures  turbulentes) ,  les  echelles  sont  liees  a  la 
region  externe  (U^ ,  6)  ;  les  plus  grands  nombres  d'ondes  (associes  aux  petites  struc¬ 

tures)  sont  responsables  de  la  dissipation  caracterisee  par  les  echelles  de  KOLMOGOROV 
formees  a  partir  de  la  viscosite  v  et  du  taux  de  dissipation  e  d'dnergie  cinetique  tur¬ 
bulente  ;  chacune  de  ces  regions  extremes  du  spectre  se  recouvre  avec  une  region  inter- 
mediaire  ou  les  echelles  representatives  sont  liees  a  la  region  interne  de  couche  limite. 

Jusqu'd  present,  seules  les  caracter istiques  statistiques  de  la  couche  limite  ont  dtd 
consider^es  et  il  convient  de  prdciser  notamment  les  m<§canismes  qui  donnent  naissance  d 
la  turbulence  ou  qui  la  r^gendrent.  Depuis  une  trentaine  d'annfees,  de  gros  efforts  ont 
etd  r6alis6s  pour  tenter  d'expliquer  ces  phenomdnes  mais,  pour  l'instant,  aucun  schdma 
ne  fait  l'unanimitd.  Les  r&sultats  qui  Emergent  sont  la  reconnaissance  de  structures 
quasi  coh^rentes  qui  composent  la  couche  limite  mais  le  lien  et  la  dynamique  qui  les 
animent  ne  sont  pas  encore  dtablis. 

Huit  categories  de  structures  quasi  cohdrentes  ont  6t6  recensfees  exp6r imentalement 
(KLINE).  Pr4s  de  la  paroi,  des  lani^res  longitudinales  de  faible  vitesse  ont  6t6  obser¬ 
ves  dans  de  nombreuses  experiences  (KLINE  et  al)  ;  leur  espacement  moyen  est  exprim4 
en  unites  de  parois  et  est  de  l'ordre  de  100  ,-  leur  fetendue  longitudinale  est  tr^s  grande, 
de  l'ordre  de  1  000  ;  on  les  observe  entre  la  paroi  et  une  distance  de  la  paroi  dgale  a 
y+  =  40.  La  vitesse  dans  ces  bandes  est  de  l'ordre  de  la  moiti6  de  la  vitesse  moyenne 
locale  et  dans  les  bandes  adjacentes  k  grande  vitesse,  elle  est  environ  une  fois  et  demi 
la  vitesse  moyenne  locale. 


Les  lanieres  4  faible  vitesse  migrent  d'abord  lentement  vers  l'extdrieur  de  la  couche 
limite  puis  un  mouvement  ascendant  plus  prononce  se  dessine  ;  on  observe  alors  une  oscil¬ 
lation  assez  violente  qui  est  suivie  d1 une  rupture  de  la  structure  associde  4  la  formation 
de  mouvements  a  plus  petite  echelle.  L'ensemble  de  la  sequence  de  souldvement,  Ejection 
et  rupture  est  connu  sous  le  nom  de  "bursting".  Ces  phenomdnes  sont  particulidrement  im- 
portants  car  ils  correspondent  a  environ  70  %  de  la  production  de  turbulence. 

II  semble  en  fait  qu'un  "burst"  puisse  se  composer  de  plusieurs  phases  d'ejection. 
D'apres  BOGARD  et  TIEDERMAN,  la  distinction  entre  "burst"  et  ejection  est  essentielle. 

Un  "burst"  est  defini  comme  l'eclatement  d'une  seule  laniere  4  faible  vitesse  ddtectd 
dans  la  sous-couche  visqueuse,  mais  cet  dclatement  produit  plusieurs  Ejections  de  portions 
de  fluide  a  faible  vitesse  qui  s'ecartent  de  la  paroi.  En  gdndral,  un  "burst"  contient  plu¬ 
sieurs  ejections  assez  rapprochees.  D'autre  part,  l'eclatement  en  petites  structures  se 
poursuit  au  fur  et  a  mesure  que  le  fluide  a  faible  vitesse  s'eloigne  de  la  paroi,  si  bien 
que  le  nombre  d'ejections  augmente  avec  la  distance  4  la  paroi. 

Un  autre  evenement  bien  identifie  est  lid  a  1' existence  de  structures  4  relativement 
grande  vitesse  qui  ont  un  mouvement  descendant  qui  vient  balayer  la  paroi. 

Souvent,  la  formation  des  lanidres  4  faible  vitesse  et  des  rdgions  4  haute  vitesse 
a  ete  attribute  4  1' action  de  structures  tourbillonnaires .  II  est  vrai  que  des  structures 
de  ce  type  ont  ete  clairement  mises  en  dvidence  mais  la  relation  de  cause  4  effet  sur  une 
realisation  particulidre  de  l'dcoulement  ne  semble  pas  avoir  dtd  demontrde.  En  outre,  dans 
certaines  etudes,  les  structures  tourbillonnaires  sont  le  rdsultat  d'une  dtude  statistique 
de  l'ecoulement  et  il  se  peut fort  bien  qu'une  description  statistique  de  l'dcoulement  ne 
reflete  pas  parfaitement  1 ' organisation  rdelle  de  ce  dernier.  Plusieurs  types  de  struc¬ 
tures  tourbillonnaires  ont  dte  suggeres  :  tourbillons  longitudinaux ,  tourbillons  en  fer  4 
cheval,  tourbillons  en  dpingle  4  cheveux,  tourbillons  en  anneau.  Ces  diverses  structures 
ont  dtd  observees  4  l'aide  de  visualisations,  de  mesures  de  corrdlations  ou  d'analyses 
elaborees  comme  celle  de  BAKEWELL  et  LUMLEY  qui  ont  ddduit  1' existence  de  tourbillons  lon¬ 
gitudinaux  4  l'aide  de  mesures  de  turbulence  et  notamment  de  correlations  spatio-temporelles 
assocides  4  une  technique  de  ddcomposition  en  fonctions  orthogonales  propres.  II  convient 
de  signaler  dgalement  que  les  simulations  numdriques  directes,  mdme  si  elles  sont  rdalisdes 
4  des  nombres  de  REYNOLDS  relativement  faibles,  permettent  de  bien  dtudier  tous  ces  pro- 
blemes . 

Hormis  les  quatre  types  de  structures  ddj4  dvoquds,  d'autres  dvdnements  caractdris- 
tiques  ont  encore  dtd  mis  en  dvidence.  Dans  les  rdgions  internes  de  la  couche  limite,  des 
zones  de  cisaillement  intense  ont  dtd  observdes  ;  elles  sont  caractdrisdes  par  un  taux 
de  cisaillement  plus  elevd  que  le  taux  local  moyen  et  qui  provient  soit  d'une  composante 

intense  ou  d'une  composante  intense.  Naturellement,  des  zones  de  ce  type  sont  sus- 
d  y  <iz 

ceptibles  d'entralner  des  instabilitds  conduisant  4  la  formation  de  structures  tourbillon¬ 
naires.  BOGARD  et  TIEDERMAN  ont  montrd  que  ces  zones  de  cisaillement  suivent  la  fin  d'une 
sequence  caracteristique  d'un  "burst". 

Les  techniques  de  visualisation  a  l'aide  de  traceurs  ont  rdv'-.d,  prds  de  la  paroi, 
des  poches  dans  lesquelles  les  particules  ne  pdndtrent  pas.  Des  expdriences  rdpdtdes  ont 
toujours  mis  en  dvidence  ces  poches  mais  leur  origine  et  leur  i  erprdtation  restent  floues. 

Les  visualisations  montrent  aussi  1' existence  de  mouvements  4  grande  dchelle  dans  la 
region  externe  de  la  couche  limite.  II  s ' agit  14  certainement  de  1 ' observation  la  mieux 
connue  et  la  plus  facile  4  realiser.  Ces  structures  ddlimitent  la  frontidre  instantande 
de  la  couche  limite,  c'est-4-dire  la  sdparation  entre  l'dcoulement  irrotationnel  et  l'd¬ 
coulement  de  couche  limite.  Le  long  de  cette  frontidre,  il  existe  une  trds  mince  couche 
visqueuse  appelde  parfois  super-couche  visqueuse  (viscous  super-layer)  4  travers  laquelle 
l'dcoulement  pdndtre  dans  la  couche  limite  et  devient  irrotationnel  par  1' action  de  la 
viscositd  (TOWNSEND).  Une  estimation  des  diffdrents  termes  de  l'dquation  pour  l'intensitd 
de  fluctuation  du  tourbillon  montre  que  la  viscositd  ne  peut  dtre  efficace  que  si  l'dpais- 
seur  de  1' interface  est  de  1 ' ordre  de  grandeur  de  l'dchelle  de  longueur  de  KOLMOGOROV, 

c'est-4-dire  v  /e  .  TOWNSEND  en  ddduit  aussi  que  la  vitesse  de  ddplacement  de  1' inter¬ 
face,  relativement  au  fluide  et  normale  a  1' interface,  est  de  l'ordre  de  =  (cv) 1^. 

Ainsi,  on  peut  cor~'ddrer  que  le  mdcanisme  d' entralnement  du  fluide  irrotationnel  danc 
l'dcoulement  turbulent  de  couche  limite  est  le  pendant  de  celui  qui  conduit  4  la  dissi¬ 
pation  d'dnergie  cindtique  de  turbulence  pour  les  fines  structures. 

La  vitesse  de  deplacement  Vd  s'ajoute  4  celle  du  fluide,  si  bien  que,  compte  tenu 

des  fluctuations  de  vitesse,  1' interface  prend  une  forme  extrdmement  irrdgulidre  qui  aug¬ 
mente  le  taux  d ' entralnement  de  fluide  irrotationnel  dans  la  couche  limite.  Expdrimenta- 
lement,  il  a  dtd  montrd  que  ce  taux  d ' entralnement  ne  ddpend  pas  de  la  viscositd  du  fluide 
mais  il  est  plutSt  relid  aux  paramdtres  ddfinissant  les  grosses  structures  de  l'dcoule¬ 
ment.  TOWNSEND  propose  une  explication  par  une  sorte  de  cascade  inverse  suivant  laquelle 
les  fluctuations  de  tourbillons  sont  transmises  depuis  des  petites  structures,  dont  la 
taille  est  donnde  par  l'dchelle  de  KOLMOGOROV,  vers  des  structures  plus  grosses. 

L ' entralnement  de  fluide  dans  la  couche  limite  est  un  dldment  essentiel  qui  participe 
4  l'ensemble  des  mouvements  turbulents  mais  les  grosses  structures  de  la  rdgion  externe 
ne  sont  pas  le  lieu  d'une  production  de  turbulence  trds  intense. 
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La  face  amont  de  ces  grosses  structures  est  le  siSge  d'un  autre  evenement  caract6- 
ristique  qui  est  1 'existence  de  quasi-discontinuites  de  la  vitesse  ;  elle  s'etend  sur 
pratiquement  toute  l'epaisseur  de  la  couche  limite  et  son  echelle  de  grandeur  est  done  de 
cet  ordre.  En  raoyenne ,  1 1 inclinaison  de  cette  face  par  rapport  a  la  paroi  est  voisine  de 
12  a  18  degres  ;  le  rotationnel  et  le  cisaillement  y  sont  trds  intenses.  D'aprds  FALCO, 
cette  face  est  marquee  par  un  ensemble  de  tourbillons  typiques. 
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Fig.  10  -  Cycle  de  production  de  turbulence  :  evolution  dans  un  systdme  entraine 
avec  l'ecoulement  (PRATURI  et  BRODKEY) 


Les  resultats  portant  sur  la  detection  des  structures  turbulentes  ont  conduit  a  de 
multiples  interpretations  des  liens  pouvant  exister  entre  les  diffilrents  evenements  ca- 
racteristiques .  L 1 une  d'elles  a  ete  proposee  par  PRATURI  et  BRODKEY  qui  ont  utilise  un 
systeme  de  visualisation  stereoscopique  avec  une  camera  qui  se  d^place  en  suivant  l’6cou- 
lement.  Les  principaux  ph6nom6nes  observes  sont  r6sum6s  sur  la  figure  10.  Dans  un  systdme 
d'axes  mobile,  en  prenant  une  origine  des  temps  arbitraire,  on  observe  d'abord  une  zone 
de  fluide  a  grande  vitesse  dirig^e  vers  la  paroi.  L' interface  avec  le  fluide  plus  lent 
est  instable  et  il  se  forme  une  zone  tourbillonnaire  qui,  tout  en  grossissant,  est  con- 
vectee  vers  l'aval  et  legerement  vers  1'exterieur  de  la  couche  limite  ;  cette  phase  est 
associee  a  celle  d'ejection  de  fluide  d  relativement  faible  vitesse.  La  zone  tourbillon¬ 
naire  s'ecarte  de  la  paroi,  cr6e  une  protuberance  dans  1' interface  entre  le  fluide  irro- 
tationnel  et  la  couche  limite  et  induit  aussi  un  mouvement  de  fluide  vers  la  paroi  (sur 
la  figure,  ce  mouvement  apparait  dirig6  vers  1 ' amont  4  cause  de  la  vitesse  du  systeme 
d'axes).  Ensuite,  le  cycle  se  r6p6te. 

II  faut  bien  noter  que  1 ' enchainement  des  6v6nements  d6crit  ci-dessus  n'est  qu'une 
hypothdse  car  les  techniques  de  detection  utilis6es  ne  permettent  pas  d'6tablir  claire- 
ment  les  relations  spatio-temporelles  entre  les  structures,  ni  les  liens  de  cause  &  effet 
et  la  dynamique  qui  les  relient.  Le  probl^me  important  qui  se  pose  est  celui  de  1 1  interac¬ 
tion  entre  les  evenements  li6s  &  la  region  de  paroi  et  ceux  lies  4  la  region  externe.  De 
nombreuses  experiences  ont  clairement  montr6  qu'il  n’y  a  pas  une  dominance  de  1 ' une  des 
regions  par  rapport  4  l'autre,  c'est-4-dire  que  des  perturbations  introduites  dans  1 1 une 
quelconque  de  ces  zones  agissent  sur  l'autre.  Cependant,  1 ' interaction  semble  §tre  rela¬ 
tivement  faible  et,  de  ce  fait,  les  temps  qui  la  caract6r isent  sont  assez  longs. 


::-ut 


3  -  CONTROLE  DE  LA  TRANSITION  LAMINAIRE  -  TURBULENT 

Les  questions posees  vis-a-vis  de  la  reduction  do  la  trainee  de  frottement  par  aug¬ 
mentation  du  parcours  laminaire  sont  multiples.  II  ne  suffit  pas  en  effet  de  rechercher 
le  parcours  le  plus  long  possible  car  le  maintien  d'une  couche  limite  laminaire  n'a  pas 
que  des  avantages.  Par  exemple,  il  est  bien  connu  qu'une  couche  limite  laminaire  decolle 
plus  facilement  sous  l'effet  d 1 un  gradient  de  pression  positif  qu'une  couche  limite  tur- 
bulente  et  il  s'ensuit  que  la  trainee  de  pression  peut  augmenter.  Ainsi,  sur  un  cylindre 
circulaire,  le  passage  du  regime  subcritique  au  regime  supercritique  lie  au  passage  d'un 
decol lement  laminaire  a  un  decollement  turbulent  conduit  a  un  gain  de  trainee  appreciable 
par  suite  d'une  diminution  de  la  trainee  de  pression.  Sur  un  obstacle  profile  tel  qu'une 
aile,  il  est  clair  que  1 ' optimisation  se  pose  en  termes  differents  mais  il  faut  garder 
k  I'csprit  que  de  nombreux  elements  interviennent  pour  definir  une  aile  "laminaire".  Ici, 
seuls  seront  evoques  les  moyens  pour  maintenir  le  regime  laminaire. 

En  ecoulement  bidimensionnel ,  la  theorie  de  la  stabilite  des  couches  limites  laminai- 
res  est  largement  utilisee  pour  realiser  ces  etudes.  Elle  est  a  la  base  de  la  construction 
de  criteres  de  transition  qui  permettent  de  determiner  le  debut  de  la  zone  de  transition. 
Le  critere  developpe  par  SMITH-GAMBERONI ,  1956  et  VAN  INGEN,  1956  repose  sur  le  calcul  du 
taux  d ' amplification  totale  maximum  des  ondes  de  TOLLMIEN-SCHLICHTING  les  plus  ’nstables. 
On  definit  d'abord  le  taux  d' amplification  totale  d'une  onde  de  frequence  donn6e  : 


oh  a.  est  le  coefficient  d ' amplification  locale  de  1 ' onde  etudiee  et  x  est  l'abscisse  du 
l  o 

point  a  partir  de  laquelle  elle  devient  instable.  En  calculant  l'evolution  des  taux  A/Aq 
pour  1' ensemble  des  ondes  instables,  on  determine  ensuite  l'enveloppe  des  differentes 
courbes,  ce  qui  definit  le  taux  d ' amplification  totale  des  ondes  les  plus  instables 
A 

n  =  In (-^— ) max  (figure  11).  Le  critere,  etabli  empiriquement ,  stipule  que  la  transition  se 
produit  lorsque  le  taux  d' amplification  n  atteint  une  valeur  critique  nT-  D'apres  des 

resultats  exper imentaux  relatifs  A  la  couche  limite  de  plaque  plane,  MACK  a  proposd  de 
tenir  compte  de  1' influence  du  taux  de  turbulence  Tu  sur  la  valeur  de  nT  a  l'aide  de  la 
formule  :  T 

(3)  nT  =  -  8,43  -  2,4  In  Tu 

avec  Tu  =  ((<u'J>  +  <v'*>  +  <w'a>  )/3  oh  1'indice  e  se  refdre  a  l'6coulement 

exterieur.  4 

Faute  de  mieux,  le  critere  (3)  est  utilise  meme  en  presence  d'un  gradient  de  pression. 


k  frequence  donn6e 
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Fig •  22  -  Transition  en  gradient  de  pression  Fig.  13  -  Transition  en  gradient  de  pres- 

positif  («,  ■  experiences  ARNAL  et  al,  sion  negatif  (d'apres  BLAIR  et  al) 

Tu  =  0,15  %,  -  mdthode  integraie)  ( #  Tu  =  1  10-2,  o  Tu  =  2  10-2,  -  me- 

thode  integraie) 


La  comparaison  de  ce  critere  aux  experiences  effectufees  en  souffleries  donne  de  tres 
bons  resultats.  Une  technique  de  ce  type  a  ete  utilisee  par  ARNAL  pour  calculer  le  debut 
de  la  transition  ;  en  outre,  pour  calculer  la  region  de  transition,  une  methode  de  ponde- 
ration  des  propri4tes  d'une  couche  limite  laminaire  et  d ' une  couche  limite  turbulente  a 
ete  mise  au  point.  Les  figures  12  et  13  montrent  un  tres  bon  accord  calcul-expdrience , 
que  ce  soit  en  presence  d'un  gradient  de  pression  positif  (figure  12)  ou  negatif  (figure  13). 

En  vol,  les  previsions  sont  plus  incertaines  car  le  taux  de  turbulence  est  en  prin- 
cipe  nul.  Souvent,  les  calculs  sont  realises  avec  une  valeur  de  n_  de  1 ' ordre  de  10,  ce 

qui  correspond  k  un  taux  de  turbulence  fictif  voisin  de  5  10 

Pour  les  6coulements  transsoniques ,  1' extension  de  cette  technique  a  6te  discutde 
recemment  par  ARNAL,  1988. 

D'une  fagor.  gdnerale,  pour  un  ecoulement  bidimensionnel ,  1 ' augmentation  du  parcours 
laminaire  est  realisee  de  fagon  naturelle  a  1'aide  de  gradients  de  pression  negatifs  qui 
ont  la  propridte  de  stabiliser  l'dcoulement  vis-d-vis  de  la  transition.  Cette  propriete 
est  clairement  raise  en  evidence  dans  la  theorie  de  stability  autant  par  1 ' augmentation 
du  nombre  de  REYNOLDS  critique  que  par  1 ' af faiblissement  de  1 ' amplification  des  ondes. 

L' experience  confirme  aussi  ces  tendances. 

Actuellement ,  des  efforts  importants  sont  consacres  au  maintien  du  regime  laminaire 
par  aspiration  parietale.  Cette  voie  de  recherche  avait  6te  tout  particulierement  deve- 
loppee  par  PFENNINGER  et  elle  a  regu  un  regain  d'interet  avec  l'arrivee  de  technologies 
nouvelles  permettant  de  fabriquer  des  parois  poreuses  ayant  une  qualitd  de  surface  excel- 
lente . 

RESHOTKO  analyse  1'effet  de  1' aspiration  parietale  en  m§me  temps  que  celui  de  la  tem¬ 
perature  de  paroi  en  ecrivant  1' equation  de  quantite  de  mouvement  a  la  paroi  : 

,,  du  3T  1  3u  3p  f32u 

P  p  dT  By  j  By  3x  up  (ay2 


Cette  equation  montre  que  Inspiration  a  la  paroi  (v  <  0),  le  refroidissement  de 


la  paroi  dans  l’air  (^  >  0  ;  >  0) 


ou  son  chauffage  dans  l’eau  (^  < 


0 


II 

3y 


<  0)  et 


les  gradients  de  pression  negatifs  sont  des  paramdtres  qui  contribuent  a  rendre  negative 


la  ddrivde  seconde 


3y 2 


Pour  un  profit  de  vitesse  donne,  ils  ont  done  tendance  a  suppri- 


mer  le  point  d' inflexion  du  profit  lorsque  celui-ci  existe  ou  tout  au  moins  a  retarder 
son  apparition.  Or,  la  thdorie  de  stability  des  couches  limites  laminaires  i.idique  qu'il 
s'agit  d'un  facteur  favorisant  le  ddveloppement  des  instabi 1 itds .  Par  conseq  ^nt ,  inspi¬ 
ration,  les  gradients  de  pression  ndgatifs  ou  le  refroidissement  de  la  paroi  (dans  1'air) 
contribuent  k  stabiliser  la  couche  limite  vis-a-vis  de  la  transition. 


Pour  une  distribution  donnde  de  la  pression,  sur  paroi  athermane  par  exemple,  le 
mdcanisme  de  stabilisation  par  aspiration  est  renfored  par  la  reduction  de  l'dpaisseur 
de  couche  limite  et  done  du  nombre  de  REYNOLDS  associd. 


:m: 


Les  taux  d' aspiration  n6cessaires  k  mettre  en  jeu  sont  faibles.  Consid6rons  une  plaque 
plane  a  la  surface  de  laquelle  on  effectue  une  aspiration  uniforme  r^partie  sur  la  totality 
de  la  plaque.  Les  calculs  de  stability  indiquent  que ,  pour  maintenir  le  nombrr  de  REYNOLDS 
partout  inferieur  au  nombre  de  REYNOLDS  critique,  il  suffit  d'un  taux  d'aspiration  v  /U 
-4  P  e 

de  l'ordre  de  1,2  10  ( SCHLICHTING) .  Dans  ces  conditions,  le  gain  de  trainee  par  rapport 

a  un  ecouiement  entierement  turbulent  est  environ  70  %  pour  un  nombre  de  REYNOLDS  form6 

avec  la  longueur  L  de  la  plaque,  R  =  2  106  et  80  %  pour  RT  =  107.  L'aspiration  apparait 

Li  Lt 

done  comme  un  procede  tres  efficace  pour  maintenir  le  regime  laminaire.  Des  limitations 
peuvent  cependant  apparaltre  si  la  vitesse  d'aspiration  k  travers  les  trous  de  la  paroi 
poreuse  devient  trop  forte,  ce  qui  conduirait  a  un  ddclenchement  intempestif  de  la  tran¬ 
sition  (FAVRE  et  al) . 


Comme  il  a  deja  et6  examine,  un  ref roidissement  de  la  paroi  dans  le  cas  d'un  fecoule- 
ment  d'air  a  tendance  a  ameliorer  la  stability  de  la  couche  limite.  Ici,  le  m6canisme 
agissant  est  la  variation  de  la  viscosity  en  fonction  de  la  temperature.  Ce  proc6d6  semble 
tres  efficace  dans  le  cas  de  la  plaque  plane  ou  avec  gradient  de  pression  n£gatif.  Pour 
la  plaque  plane,  le  nombre  de  REYNOLDS  critique  forme  avec  l’abscisse  x  de  d6veloppement 
de  la  couche  limite  passe  de  10^  a  107  lorsque  le  rapport  de  la  temperature  de  paroi  Tp 

a  la  temperature  d'dquilibre  adiabatique  T,  varie  de  1  A  0,8.  Par  contre,  le  refroidissement 
de  la  paroi  devient  inoperant  d£s  que  la  couche  limite  est  soumise  k  un  gradient  de  pres¬ 
sion  positif  un  peu  intense  car  l'effet  d£stabilisant  du  gradient  de  pression  1 ' emporte 
rapidement . 


b) 


Fig.  14  - 
en  fl£che 
et  MANIE, 


Transition  sur  aile 
infinie  (d'apr£s  SCHMITT 
1979) 


a)  Distribution  de  pression  a  l'intrados  de  l'aile  (a^  —  6°  —  aile  a  profil  constant) 

b)  Evolution  de  la  position  de  transition  pour  diff^rents  nombres  de  REYNOLDS  Rcn 


En  ecouiement  tr idimensionnel ,  les  phenomenes  de  transition  sont  plus  complexes.  Exa- 
minons  par  exemple  1 ' ecouiement sur  aile  en  fldche  etudie  par  SCHMITT-MANIE  (figure  14). 

L' evolution  de  la  transition  est  analysee  sur  l'intrados  de  l'aile  pour  une  incidence 
normale  de  6°.  A  faible  nombre  de  REYNOLDS,  la  transition  est  situee  au  voisinage  du 
decollement  de  la  couche  limite  laminaire.  Lorsque  la  fldche  augmente,  la  transition 
avance  d'abord  lentement  et,  soudainement ,  elle  se  place  assez  pres  du  bord  d'attaque. 
L'avancee  de  la  transition  se  produit  pour  une  fieche  d'autant  plus  faible  que  le  nombre 
de  REYNOLDS  est  plus  grand.  Ce  phenomene  peut  a  premiere  vue  sembler  6tonnant  car  la  tran¬ 
sition  se  produit  dans  une  region  oCt  la  vitesse  augmente  le  long  de  la  ligne  de  courant  ; 
le  gradient  de  pression  dans  cette  direction  est  n6gatif  et,  dans  de  telles  conditions, 
une  couche  limite  bidimensionnelle  resterait  laminaire.  Ici,  l'origine  de  la  transition 
reside  dans  1 ' amplification  d ' instabilites  dues  £  la  presence  d'un  ecouiement  transversal. 
Pour  caracteriser  le  debut  de  transition  dans  de  telles  conditions,  ARNAL,  HABIBALLAH  et 
COUSTOLS  ont  propose  une  amelioration  du  critere  de  BEASLEY  k  l'aide  d'une  correlation 
entre  le  facteur  de  forme  H  de  1' ecouiement  longitudinal  et  le  nombre  de  REYNOLDS  Rt5 2  = 

dy  liee  a  l'ecoulement  transversal  (figure  15). 


u  6 _/v  forme  avec  l'epaisseur 
e  2  c 
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Fig ■  15  -  Critere  de  transition  par  instabilite 
transversale  (d'aprds  ARNAL  et  al,  1984) 
o,  •,  0  ,  ■  experiences 
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Sur  aile  en  fleche,  an  troisieme  processus  de  transition  peut  se  manifester.  II  s'agit 
de  la  contamination  de  bord  d'attaque  :  la  couche  limite  turbulente  du  fuselage  d6clenche 
la  transition  de  la  couche  limite  qui  se  developpe  sur  le  bord  d'attaque  et  qui,  £  son 
tour,  declenche  la  transition  sur  l'aile.  Un  crit^re  simple  indique  que  cette  forme  de 
transition  risque  de  ce  produire  lorsque  le  nombre  de  REYNOLDS  we®ijyv  forme  avec  la  Vi¬ 
tesse  exterieure  Wq  le  long  du  bord  d'attaque  et  l'6paisseur  de  quantity  de  mouvement  9^ 

de  la  couche  limite  est  superieur  a  100.  Le  risque  est  d'autant  plus  grand  que  la  flcche 
est  plus  elevee  et  que  le  rayon  de  bord  d'attaque  de  l'aile  est  plus  important.  Divers 
moyens  passifs  ont  ete  envisages  pour  retarder  1' apparition  de  cette  forme  de  transition 
(SEYFANG)  :  ces  dispositifs  sont  constitu£s  de  modifications  locales  de  la  g6om6trie  au 
voisinage  de  1 ' emplanture . 


Fig.  16  -  Influence  de  l'aspiration  sur  Involution 
de  la  position  de  transition,  pour  une  distribution 
de  vitesse  donnee 


Sur  aile  en  fleche,  l'aspiration  parietale  apparalt  comma  un  proc6de  efficace  de 
retarder  la  transition.  ARNAL  et  al  ont  etendu  les  critdres  de  transition  pour  tenir  compte 
de  l'effet  d' aspiration.  Un  exemple  d' application  est  donne  sur  la  figure  16.  Pour  un 
taux  d' aspiration  donne  S,  la  transition  se  produit  par  suite  du  decollement  laminaire 
(DL)  lorsque  le  nombre  de  REYNOLDS  est  faible.  A  plus  grand  nombre  de  REYNOLDS,  1' insta¬ 
bility  de  1 'ecoulement  longitudinal  (L)  provoque  la  transition  qui  avance  ensuite  pour 
des  nombres  de  REYNOLDS  encore  plus  grands  par  l'effet  de  1 ' instability  transversale  (T) . 

On  observe  que  si  le  taux  d' aspiration  est  suffisamment  intense,  la  couche  limite  reste 
laminaire  sur  un  parcours  tres  interessant. 

Les  possibilites  offertes  par  l'aspiration  parietale  alli6e  h  la  definition  de  formes 
de  profils  d'ailes  specialement  concues  pour  optimiser  le  parcours  laminaire  font  l'obget 
de  nombreuses  etudes.  Ainsi,  PFENNINGER  et  al  ont  cherche  &  dessiner  des  ailes  supercriti¬ 
ques  en  amenageant  des  zones  d' aspiration  dans  les  regions  particulidrement  sensibles  A 
la  transition  et  en  reduisant  le  rayon  de  bord  d'attaque  de  fagon  a  eviter  la  contamina¬ 
tion  ;  ils  aboutissent  a  des  formes  de  profils  peu  conventionnelles  qui  assurent  de  bonnes 
qualites  de  laminarite. 

4  -  MANIPULATEURS  INTERNES  :  PAROIS  RAINUREES  OU  "RIBLETS" 

Comme  on  l'a  vu  au  paragraphe  2,  la  turbulence  qui  semble  S  premiere  vue  etre  un  ph6- 
norndne  aieatoire  est  en  fait  constituee  d'un  ensemble  de  m6canismes  bien  identifies  et 
organises.  M§me  si  le  lien  entre  les  differents  6venements  caracteristiques  repertories 
dans  la  couche  limite  est  loin  d'etre  etabli,  il  s'agit  la  d'une  vision  de  la  turbulence 
qui  etait  loin  d'etre  soupgonnee  dans  la  plupart  des  premieres  etudes  sur  la  couche  limite 
turbulente . 

La  prise  de  conscience  de  1 ' organisation  de  la  turbulence  a  conduit  a  essayer  d'agir 
sur  sa  structure  en  vue  notamment  de  reduire  la  trainee  de  frottement.  En  admettant  que 
la  production  de  turbulence  resulte  d'un  processus  cyclique,  on  peut  esp6rer  la  r6duire 
en  rompant  le  cycle  par  quelque  procede  que  ce  soit. 

Pendant  longtemps,  on  a  cru  que  le  meilleur  moyen  de  minimiser  le  frottement  turbulent 
etait  de  rendre  la  paroi  aussi  lisse  que  possible  (hydrauliquement  lisse) .  II  est  clair 
que  cela  vaut  mieux  que  d' avoir  affaire  a  une  paroi  compietement  rugueuse  mais  l'emploi 
de  certains  types  de  parois  non  planes  s'est  r6veie  int6ressant.  Ainsi,  LIU  et  al  furent 
lot,  nroniors  &  rculiscr  cl  us  inesuret  sur  une  surface  yarnie  ue  fines  ailettes  rectangulaires 
alignees  dans  la  direction  de  l'ecoulement  exterieur  ;  en  terme  de  variables  de  paroi,  les 
caracteristiques  etaient  pour  la  hauteur  h+  =  hU^/v  ^  45-11  et  pour  l'espacement  s+  =  sU^/v 

'r  190-373.  Ils  observdrent  une  reduction  de  20  1  25  I  du  taux  de  bursting  et  une  reduction 
globale  de  trainee  de  l’ordre  de  3  % .  Depuis,  differentes  formes  de  surfaces  non  planes 
ont  ete  essayees.  Que lques-unes  sont  decrites  dans  la  suite. 
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4.1.  Performances  qlobales 

Un  grand  nombre  de  modules  ont  ete  essay6s  4  la  NASA  LANGLEY  (voir,  par  exemple,  BUSHNELL, 
1985,  WILKINSON  et  al,  1987).  Certains  ont  et6  usings  dans  des  plaques  en  aluminium,  d’au- 
tres  se  prdsentent  sous  la  forme  de  feuilles  de  vinyl  coll6es  directement  sur  la  paroi. 

Cette  solution  est  par ticulidrement  attrayante  car  elle  permettrait  d'6quiper  des  avions 
existants  ;  leur  etat  de  surface  est  tr4s  r6gulier  et  des  essais  en  vol  ont  montre  de  tr4s 
bonnes  qualites  pour  un  usage  intensif  (maintenance,  resistance,  degradation  aux  rayons 
ultra-violets,  ...). 

La  figure  17  montre  quelques-unes  des  formes  essayees  4  la  NASA.  L' evaluation  des  va¬ 
riations  de  trainee  a  ete  effectuee  en  ecoulement  uniforme  par  pes6e  directe  de  la  surface 
manipuiee.  Les  mesures  ont  6te  realisees  4  faible  Vitesse. 
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Fig.  17  -  Differentes  geometries  de 
"riblet"  essayees  a  la  NASA  LANGLEY 


Fig.  18  -  Reductions  de  trainee  pour  des  mod4- 
les  de  type  A  (cf  figure  17)  -  Dimensions  des 
modeles  donn6es  dans  WALSH,  1982 


Avec  les  riblets  en  V  symetriques  (modele  A,  figure  17)  dans  la  gamme  0,5  <  s/h  <  4,5, 
une  reduction  est  observee  si  h+  <  25  ou  s+  <  30  (fig.  18).  Le  gain  de  trainee  maximum, 
de  l'ordre  de  8  % ,  a  ete  obtenu  pour  s+  =  h+  =  12-13.  En  effectuant  des  essais  a  diffe¬ 
rentes  vitesses  et  avec  des  rainures  de  dimensions  diff6rentes,  il  a  ete  montre  que  les 
longueurs  h+  et  s+  rendues  sans  dimension  avec  les  variables  de  paroi  etaient  bien  les 
parametres  de  similitude  a  considerer.  D'autre  part,  lorsque  h+  <  15,  la  reduction  de 
trainee  est  peu  sensible  a  h+,  c'est-a-dire  que  pour  une  valeur  donnee  de  s+ ,  les  resul- 
tats  sont  les  memes  quelle  que  soit  la  valeur  de  h+.  Enfin,  la  longueur  manipuiee  ne  semble 
pas  affecter  le  fonctionnement  des  riblets. 


II  est  a  noter  que  la  surface  mouiliee  est  consiaerablement  augmentee  par  rapport  au 
cas  de  la  paroi  lisse.  Dans  le  cas  h+  =  s+,  la  surface  mouiliee  est  multipliee  par  2,25  ; 
une  diminution  de  trainee  de  8  %  implique  done  en  fait  que  le  frottement  moyen  en  enver- 
gure  est  divise  par  2,43.  En  outre,  cctte  valeur  rdsulte  d'une  moyenne  car  dans  les  val- 
lees,  la  reduction  est  plus  considerable  encore  alors  qu'au  voisinage  des  cretes,  le  frot¬ 
tement  local  est  augmente. 


Parmi  les  autres  geometries  de  riblets  qui  ont  ete  essayees,  le  modele  C  (fig.  17)  avec 
des  pics  tres  pointus  donne  de  bons  rdsultats.  Des  gains  de  trainee  de  7  %  ont  ete  enre- 
gistres  avec  Iv  =  8,  s+  =  16.  Des  resultats  tout  a  fait  comparables  ont  ete  obtenus  par 
BECHERT  (fig.  19) .  Par  contre,  les  geometries  du  type  E  avec  des  pics  arrondis  ne  sont 
pas  favorables. 
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Fig .  1 9  -  Reductions  de  trainee  pour  des 
modeies  de  type  C  (figure  17)  d'apres 
BECHERT  (□  WALSH  •  BECHERT) 


Bien  d'autres  geometnes  out  ete  essayees  (WILKINSON  et  ai,  BECHERT) ,  y  eompris  des 
configurations  tr idimens ionne 1 les .  Jusqu'a  present,  aucun  gain  superieur  a  8  %  n'a  ete 
obtenu . 

Mentionn^ns  egaiement  des  travaux  recents  offectues  en  Union  Sovietique  par  ENYUTIN 
et  al  sur  des  parois  rainurees  en  gradient  do  pression  nul.  Pour  la  gamme  de  h+  (ou  s+) 
explores,  2-45  (cu  2-55)  ,  des  reductions  maximales  de  7-8  %  ont  ete  obtenues  pour  des 
rainures  de  forme  trrangulaire  et  de  7-9  i  pour  d'autres  de  forme  rectangulaire . 

Des  essais  en  vol  ont  ete  effect ues  dernierement  par  la  NASA  LANGLEY  sur  un  avion  de 
type  LEARJET  (WALSH  et  al,  1988).  Differents  modeles  de  riblets  realises  dans  un  revete- 
ment  vinyl  ont  ete  essayes  ;  certains  presentent  meme  de  fines  perforations  pour  prendre 
en  compte  les  fuites  possibles  (joints,  rivets,  ...)  en  provenance  de  la  cabine  pressu- 
risee.  De  fagon  generale,  les  riblets  "poreux"  fournissent  des  performances  comparables 
aux  riblets  non  perfores.  Les  variations  du  coefficient  de  trainee  ont  ete  estimees  a  par 
tir  de  mesures  de  profils  de  vitesse  (peignes  de  couche  limite)  et  de  mesures  de  trainee 
directe  (balance  de  trainee).  Des  reductions  maximales  de  l'ordre  de  6  S  ont  ete  enreqis- 
trees  ;  le  niveau  de  reduction  est  comparable  a  celui  obtenu  lors  d1 essais  en  vol  prece¬ 
dents  par  McLEAN  et  al. 

Avec  gradient  de  pression,  l'effet  global  des  riblets  est  beaucoup  moins  bien  connu 
que  sur  plaque  plane.  Des  experiences  en  vol  sur  une  aile  d'avion  T33  ont  ete  reportees 
par  McLEAN  et  al  qui  ont  evalue  l’effet  des  riblets  par  mesures  de  couche  limite.  Une 
partie  de  l'aile  etait  recouverte  de  riblets,  a  partir  de  x/c  =  0,07  et  la  transition 
etait  declenchee  a  x/c  =  0,05.  L ' estimation  des  variations  de  trainee  a  ete  deduite  de 
celles  de  l'epaisseur  de  quantite  de  mouvement  mesuree  a  x/c  =  83  %.  Une  reduction  de 
ti_ainee  de  frottement  de  6  %  a  ainsi  ete  obtenue  pour  des  valeurs  de  qT  entre  10  et  15 

(s+  est  une  valeur  moyenne  de  s+  car  s+  varie  d'environ  un  facteur  2  sur  la  corde  de 
l'aile).  En  outre,  en  ne  couvrant  que  les  premiers  50  %  de  l’aile  et  par  difference  avec 
les  resultats  obtenus  avec  la  couverture  totale,  l'effet  des  gradients  de  pression  s'exer 
cant  sur  la  partie  arriere  de  l'aile  (x/c  >  50  %)  a  pu  etre  estime.  La  conclusion  est  que 
les  riblets  conservent  une  bonne  efficacite  en  presence  d ' un  gradient  de  pression  positif 
McLEAN  et  al  ont  egaiement  etudie  l'effet  de  derapage  des  riblets  par  rapport  a  l'ecoule- 
ment.  Ils  trouvent  que  pour  un  angle  de  15°,  les  benefices  de  trainee  sont  reduits  par 
deux.  Cas  resultats  sont  coherents  avec  oenx  de  WALSH  et  LINDEMANN  (fig.  20). 


(WALSH- et  al,  1984) 


Recemment,  des  essais  sur  profil  d'aile  en  ecoulement  incompresible  bidimensionnel  ont 
ete  realises  a  l'ONERA/CERT  (ces  essais  ont  fait  1'objet  d ' un  projet  de  fin  d'etudes  de 
L.  GUENARD  et  D.  MCULINEC) .  Le  profil  choisi  est  un  profil  LC100D  de  400  mm  de  corde.  La 
transition  est  declenchee  pres  du  bord  d'attaque  avec  un  fil  de  diamdtre  0,6  mm  place  d 
x/c  =  2,5  %.  Les  feuilles  de  vinyl  rainurees  ont  dte  colldes  sur  une  partie  de  l'extrados 
entre  x/c  =  20  %  et  x/c  =  95  %.  Entre  x/c  =  2,5  %  et  x/c  =  20  %  d'une  part  et  entre  x/c  = 
Q5  1  et  x/c  =  1  d’autre  part,  une  feuille  lisse  a  ete  collee  (fig.  21).  En  outre,  pour 
faciliter  i ' interpretation  des  resultats,  la  trainee  a  ete  determinee  en  apposant  une 

feuille  de  vinyl  lisse  a  la  place  ae  la  fouille  rainuree.  L'epaisseur  de  la  feuille  lisse 
est  0,1  mm  et  l'epaisseur  de  la  feuille  rainuree  entre  la  surface  preencollee  et  le  creux 
des  riblets  est  de  l'ordre  de  0,15  mm. 


lissz  lisse  ou  "riblet"  i'GSe 


declenchement 


Fig,  21  -  Profil  d'aile  LC100D  equip6  de  feuilles  de  vinyl  lisse  et  de  feuilles 
de  "riblet" 
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Fig.  24  -  Variations  du  coefficient  de  trainee  en  fonction  de  1' incidence  pour 
deux  modeles  de  "riblet" 


La  figure  22  montre  quelques  repartitions  de  pression  obtenues  a  diff6rentes  inciden¬ 
ces,  a  l'extrados  du  profil. 

L'effet  des  riblets  a  et6  determine  par  mesure  du  sillage  a  une  demi-corde  en  aval  du 
bord  de  fuite  ;  les  mesures  realis6es  plus  en  aval  montrent  que  l'6paisseur  de  quantite 
de  mouvement  est  pratiqueraent  constante  a  partir  de  x/c  =  1,50. 

La  figure  23  montre  un  exemple  d ' exploration  de  sillage  pour  a  =  0°  avec  et  sans  ri¬ 
blets.  La  reduction  de  l'epaisseur  de  quantity  de  mouvement  c6t6  extrados  apparait  tres 
clairom^n t-  La  figure  24  donne  les  variations  de  trainee  (d6duites  directement  des  mesures 
de  sillage)  en  fonction  de  1' incidence  pour  une  vitesse  a  1' inf ini  amont  de  20  ms'^.  Aux 
faibles  incidences,  des  reductions  de  trainee  signifies uve= ,  voisincs  de  2,7  t ,  son*-  ob¬ 
tenues  (rappclons  quo  seule  une  partie  de  l'extrados  est  habill6e) .  A  1' incidence  a  =  2°, 
1' estimation  de  la  trainee  de  frottement  d  l'aide  d'un  calcul  de  couche  limite  conduit  a 
une  reduction  de  cette  train6e  de  frottement  de  1'ordre  de  9  %  (s  =  h  =  0,152  m) . 

A  toutes  les  incidences,  on  peut  considdrer  que  la  hauteur  h+  est  constante  et  voi- 
sine  de  h+  =  10.  Pour  les  incidences  a  S  4°,  1 ' interpretation  des  r£sultats  est  delicate 
car  un  bulbe  de  decollement  apparait  au  bord  d'attaque  et  la  couche  limite  d6colle  aussi 
sur  la  partie  arridre  du  profil,  prds  du  bord  de  fuite.  Or,  l'influence  6ventuelle  des 
riblets  sur  le  decollement  n'est  pas  connue,  ni  l'effet  sur  la  trainee  de  pression.  La 
conclusion  de  cette  etude  est  que  les  riblets  conservent  un  effet  favorable  en  gradient 
de  pression  positif,  tout  au  moins  tant  que  la  couche  limite  n'est  pas  decoll6e. 
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A  1 'amont,  la  transition  a  ete  declenchee  par  une  bande  de  grains  de  carborundum  de 
hauteur  0,00  ran  placee  a  3  cm  du  nez  de  1‘ ogive. 

Les  essais  ont  ete  realises  dans  la  ganune  de  nombres  de  MACH  0,4  a  0,8,  a  temperature 

ambianto  et  pour  une  pression  generatrice  comprise  entre  1,3  et  3  bars,  soit  des  nombres 
de  REYNOLDS  formes  avec  la  longueur  manipulee  (L  =  0,55  m)  compris  entre  4  10®  et  19  10®. 

I  :nvs tiros  do  trainee  ont  ete  realisees  a  l’aide  d'une  balance  interne  a  cinq  composantes 
; c avail t  mestrer  une  force  de  trainee  jusqu'a  250  N  et  dont  la  precision  sur  le  coefficient 
Cx  est  environ  5  10-4  lorsque  Cx  =  0,1.  Quatre  modeles  de  riblets  fournis  par  la  Societe 

3M  ont  ete  cssayes  :  s  =  h  =  0,023  mm  ;  s  =  h  =  0,033  mm  ;  s  =  h  =  0,051  mm  et  s  =  h  = 

0,076  ran.  Les  differentes  combinaisons  des  parametres  ont  permis  de  couvrir  une  gamine  de 
h+  entre  8  et  78. 

La  figure  26  donne  les  distributions  du  nombre  da  MACH  deduites  des  rdpartitions  de 
pression  parietaies.  Dans  la  zone  0,27  <  x/e  <  1  ou  sont  apposees  les  feuilles  rainurees, 
le  nombre  de  MACH  est  pratiquement  constant. 


La  figure  27  regrou 
frottement  de  la  partie 
frottement  de  ia  partie 
(environ  4  l  de  la  trai 


pe  l'ensemble  des  resultats  relatifs  a  la  variation  de  trainee  de 
manipulee.  La  balance  mesurant  la  trainee  totale,  la  trainee  de 
manipulee  a  ete  estimee  en  tenant  compte  de  la  trainee  de  pression 
nee  totale)  et  de  la  trainee  de  frottement  de  la  partie  amont. 


Les  resultats  sont 


presentes  en  utilisant  la  hauteur  des  riblets  hp  reduite  avec  les 


variables  de  paroi  h+  =  — 1 -  /  -J £  .  Dans  ces  conditions,  l'ensemble  des  resultats  obtenus 


a  differents  nombres  de 
voisins  de  ceux  obtenus 
du  memo  ordre  de  grande 
que  pour  des  angles  de 


P  P 

MACH  et  nombres  de  REYNOLDS  sont  relativement  bien  groupds  et  sont 
a  basse  Vitesse.  En  particulier,  les  gains  de  trainee  maximum  some 
ur.  En  outre,  l'effet  de  derapage  a  ete  etudie.  Les  essais  ont  montre 
10°  et  20°,  des  gains  de  frottement  subsistent  encore. 


Pour  terminer  ce  cnapitre  sur  les  performances  globales  des  riblets,  signalons  que 
LINDEMANN  a  reports  pour  des  riblets  en  V  des  valeurs  du  facteur  d'analogie  de  REYNOLDS 
de  30  1  superieures  a  celles  de  la  plaque  plane.  Ce  resultat  implique  une  augmentation 
lmportante  du  transfort  de  chaleur  a  la  paroi. 


Fig.  25  -  Schema  du  montage  experimental  utilise 
a  la  soufflerie  T2 
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Fig.  27  -  Variations  du  coefficient  de 
trainee  de  frottement  de  la  partie  mani¬ 
pulee 


Fig.  26  - 


Distributions  du  nombre  de  MACH 
sur  le  corps 
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4.2.  Effets  des  nblets  sur  I'ecoulement 

Une  premiere  analyse  de  i'effet  des  riblets  est  1 1  observation  de  visualisations  par 
produits  colores  (GALLAGHER-THOMAG ,  DJENIDI  et  al).  Sur  paroi  lisse.  le  produit  injectd 
a  la  paroi  a  tendance  a  se  propager  dans  les  directions  transver sales  et  verticales  alors 
que  sur  paroi  rainuree,  il  se  rassembla  dans  les  creux  et  ne  s 1 en  echappe  que  lorsqu’un 
burst  extirpe  une  partie  de  fluide  loin  de  la  paroi.  En  fait,  il  est  clair  que  dans  le 
creux  des  riblets  ou  les  vitesses  sont  tres  faibles,  il  se  cree  une  zone  d’eau  morte, 
alors  que  sur  les  cretes,  le  cisaillement  est  tres  intense.  Des  mesures  de  vitesse  de¬ 
tainees  ont  ete  realisees  avee  une  sonde  a  fil  chaud  miniature  dont  1 1 interbroche  est 
0,4  mm,  ce  qui  represente  2s/3  (COUSTOLS  et  al).  Ces  resultats  sont  done  entaches  d 1 un 
effet  d’ integration  transversale  mais,  malgre  cela,  ils  montrent  une  variation  sinusoi- 
dale  assez  nette  avec  un  resserrement  au  droit  des  pics  des  riblets  (fig.  28).  Correla- 
tivement,  l’intensite  longitudinale  de  turbulence  montre  une  periodicite  en  envergure 
avec  des  pointes  marquees  au  droit  des  pics  des  riblets  (fig.  29).  Il  faut  noter  que 
1' influence  des  riblets  reste  lir.itee  a  la  region  de  paroi  (y+  <  50  -  100)  . 


Fig.  28  -  Lignes  iso-U/Ue 

dans  le  plan  (y,z)  ;  y: 

direction  normale  a  la  pa¬ 
roi  ;  z  :  direction  trans¬ 
versale  -  s  =  3h  =  0,6  mm 
h+  #8.0 


Fig.  29  -  Lignes  iso-/  u's/Ue 
dans  le  plan  (y,z)  pour  le 
meme  modele  de  riblet 


En  outre,  la  relaxation  en  aval  de  la  zone  manipulee  se  fait  tres  rapidement.  Par 
exemple,  des  mesures  du  coefficient  de  frottement  en  aval  d ' une  plaque  rainuree  n'ont 
montre  aucune  variation  significative  par  rapport  au  cas  de  la  couche  limite  non  manipu- 
lee(fig.  30)  alors  que  des  gains  de  trainee  de  frottement  signif icatif s  ont  ete  mesures.  De  La 
meme  fagon,  les  mesures  de  tensions  de  REYNOLDS  realisees  juste  en  aval  d'une  plaque  rai¬ 
nuree  (a  une  distance  de  0,8  6)  ne  montrent  pratiquement  aucune  difference  avec  les  mesu¬ 
res  dans  une  couche  limite  non  manipulee  (fig.  31).  Ces  resultats  sont  coh6rents  avec 
1 1  idee  que  les  riblets  influencent  principalement  la  region  interne  ;  notamment , 1 ’ epaisseur 
de  la  sous-couche  a  tendance  a  augmenter.  Cependant,  si  1 ' on  admet  qu'il  y  a  une  interac¬ 
tion  entre  la  region  interne  et  la  region  externe,  on  devrait  observer  une  action  persis- 
tante  en  aval.  Il  se  peut  que  1 ' action  sur  la  region  externe  soit  lente  a  se  developper 
et  que  les  longueurs  manipulees  trop  courtes  ne  permettent  pas  d' observer  ces  phenomenes. 

Dans  cette  hypothese,  la  longueur  de  la  region  manipulee  pourrait  avoir  une  influence. 
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Fig.  31  -  Composantes 
du  tenseur  de  REYNOLDS 
en  aval  du  module  : 
s=2h=0,5mm; 
h+  #  10  ;  Ax+  #  1  000 
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Sur  des  riblets  en  V,  WALSH  a  reporte  des  mesures  caracter isant  les  bursts.  II  observe 
que  la  frequence  des  bursts  n'est  pas  modifiee  de  fagon  significative  mais  l'intensite  de 
turbulence  au  voisinage  de  la  paroi  est  reduite,  que  ce  soit  en  valeur  moyenne  ou  en  va- 
leurs  condi tionne 1 les  a  l'interieur  des  bursts  ou  entre  les  bursts  (fig.  32).  L'analyse 
precise  des  mecanismes  d' action  des  riblets  est  en  fait  renduo  delicate  par  le  choix  de 
l'origine  pour  compter  les  distances  a  la  paroi  car  la  hauteur  donnant  de  bonnes  perfor¬ 
mances  est  voisine  de  h+  =  15  et  1' action  des  riblets  se  situe  dans  la  sous-couche  dont 
l'epaisseur  en  variables  de  paroi  est  de  l'ordre  de  50.  Sur  la  figure  32,  l'origine  des 
y  est  prise  a  la  position  des  pics  des  riblets  car,  d'apres  WALSH,  l'6valuation  de  l'e¬ 
paisseur  de  quantite  de  mouvement  est  en  bon  accord  avec  la  reduction  de  trainee. 


y(mm)  a)  b) 


t-U/Uo, 


Fig.  32  -  Mesures  de  turbulence  proches 
de  la  paroi  sur  le  "riblet"  d'apres  WALSH 

o  plaque  plane  ;  O  "riblet"  s  =  h  =  0,51  mm 
(y  =  0  sommet  des  pics) 

a)  x  =  40,6  cm  b)  x  =  86,4  cm 


Une  analyse  spectrale  de  la  fluctuation  longitudinale  de  vitesse  au-dessus  de  riblets 
en  V  indique  une  restructuration  complexe  de  la  repartition  d'energie  (COUSTOLS-COUSTEIX,  1 988 )  . 
Les  dimensions  des  riblets  sont  s  =  h  =  0,152  mm  (s+  =  h+  6,5)  et  le  fil  chaud  a  une 
longueur  1  =  1,25  mm,  de  sorte  que  les  valeurs  mesurees  representent  a  peu  pres  une  moyenne 
sur  l'envergure.  En  prenant  l'origine  des  y  a  la  limite  des  cretes,  on  observe  que,  pour 
y+  =  4,3  et  y+  =  6,4  (figure  33),  le  niveau  d'energie  est  plus  faible  a  haute  frequence 
et  plus  fort  a  faible  frequence  en  presence  des  parois  rainurees.  Par  contre,  pour  y+  =  12,8 
et  y+  =  21,4,  la  densite  d'energie  est  plus  importante  aux  hautes  frequences  en  presence 
des  riblets.  Ainsi.,  dans  la  region  de  production  importante  (y+  *v  10  -  15),  les  riblets 
auraient  tendance  a  creer  des  structures  plus  fines. 

Des  mesures  de  fluctuations  de  pression  ont  ete  entreprises  en  aval  d'un  modele  de 
riblet,  pour  une  valeur  de  h+  ( s  5,5)  fournissant  un  gain  de  trainee  (COUSTOLS  et  al,l988). 

Le  spectre  de  p'2  ne  subit  aucune  modification  dans  la  gamme  de  frequences  explorees 
(50  Hz  -  20  kHz)  . 


Fig.  33  -  Spectres  de  u'2  sur  le  "riblet"  -  •  paroi  lisse 
o  "riblet"  s  =  h  =  0,152  mm  h+  #  6,5 
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Comme  on  l'a  deja  vu,  il  existe  d'autres  surfaces  non  planes  que  les  riblets  en  V  qui 
permettent  d'obtenir  des  reductions  de  trainee.  En  particulier,  un  assemblage  de  lamelies 
perpendiculaires  a  la  paroi  et  placees  dans  le  sens  de  1 1 ecoulement  (fig.  34)  conduis^nt 
a  des  reductions  comparables  a  celles  des  riblets  en  V  (WILKINSON  et  al).  Cette  observa¬ 
tion  est  deja  interessante  car  elle  prouve,  d ' une  part,  que  les  gains  de  frottement  ne 
sort  pas  liis  a  ur.  type  de  geometrie  bien  defini  et,  d'autre  part  que,  si  ces  gains  sont 
dus  a  une  modification  de  la  turbulence,  la  reorganisation  de  la  structure  de  la  turbu¬ 
lence  n'est  pas  non  plus  liee  a  une  geometrie  specifique.  Er.  autre,  l'assemblage  de  la¬ 
me  lies  facilite  les  mesures  detailiees  ainsi  que  leur  interpretation  car  le  probleme  de 
l'origine  de  la  distance  a  la  paroi  ne  se  pose  pas. 

WILKINSON  -  LAZOS  ont  realise  une  etude  de  l'effet  sur  la  turbulence  de  lamelies  lon- 
gitudinales  caracterisees  par  h+  =  15  (15  <  s+  <  130).  Un  exemple  de  mesure  de  l'intensite 
longitudinale  de  turbulence  entre  deux  lamelies  est  presente  sur  la  figure  35.  Une  reduc¬ 
tion  tres  marquee  de  cette  intensite  de  turbulence apparait  clairement  dans  la  region 
y+  <  100  par  rapport  au  cas  de  la  paroi  lisse.  Meme  en  considerant  la  valeur  moyenne  en 
envergure,  des  reductions  sensibles  de  l'intensite  de  turbulence  ont  ete  obtenues,  de 
l'ordre  de  10  a  15  %  par  rapport  au  cas  de  la  plaque  plane.  Pour  des  riblets  en  V,  des 
effets  aussi  nets  n’ont  pas  ete  enregistres. 

WILKINSON  et  LAZOS  ont  egalement  montre  que  la  plus  grande  reduction  de  l'intensite 
maximum  de  turbulence  dans  la  couche  limite  est  obtenue  pour  s+  =  50.  En  outre,  la  posi¬ 
tion  de  ce  maximum  se  situe  au  voisinage  de  y+  =  35  lorsque  s+  <  50  et  au  voisinage  de 
y+  =  15  lorsque  s+  >  50.  Ces  observations  suggerent  une  interaction  avec  les  structures 
turbulentes  de  paroi.  Une  confirmation  de  l'effet  sur  la  turbulence  est  fournie  par  des 
mesures  de  correlation  entre  les  fluctuations  de  frottement  parietal  et  de  vitesses  dans 
la  couche  limite.  Ces  mesures  realisees  pour  s+  =  50  ont  ete  faites  en  plagant  un  capteur 
parietal  entre  deux  lamelies  et  en  utilisant  une  sonde  a  fil  chaud  mobile  dans  l'ecoule- 
ment.  La  comparaison  paroi  lisse-paroi  avec  lamelies  met  en  evidence  des  structures  de 
meme  allure  mais  les  correlations  en  presence  des  lamelies  sont  considerablement  attenuees. 

II  est  done  clair,  d'apres  les  mesures  de  l’intensite  de  turbulence  et  les  correlations 
f rottement-vitesse  que  les  lamelies  ont  un  effet  de  premier  ordre  sur  la  turbulence.  Nd- 
anmoins,  il  n'a  pas  ete  prove  incontestablement  que  cette  modification  est  a  l'origine 
de  la  reduction  de  frottement  car  celle-ci  peut  provenir  simplement  de  l'effet  de  coin 
cree  au  raccord  entre  la  paroi  et  les  lamelies. 


Fig.  34  -  Nouveile  geometrie  de  "riblet" 
proposee  par  WILKINSON  et  al,  1987 


Fig.  35  -  Mesures  d'intensites  longitudinales 

de  turbulence  sur  la  geometrie  de  "riblet" 
definie  sur  la  figure  34  d'apres  WILKINSON  et  al 


Afin  d'essayer  de  prouver  que  la  reduction  de  trainee  induite  par  des  riblets  provient 
d'une  modification  de  la  turbulence,  des  calculs  en  ecoulement  laminaire  ont  ete  entre- 
pris  en  collaboration  avec  J.  LIANDRAT,  L.  DJENIDI  et  X.  de  SAINT-VICTOR.  Ces  calculs  con¬ 
sistent  a  resoudre  les  equations  de  NAVIER-STOKES  et  des  premiers  resultats  ont  ete  obte- 
nus  pour  differentes  dimensions  de  riblets  en  V.  Ces  resultats  n'indiquent  aucun  effet 
sur  la  trainee  de  frottement,  ni  positif  ni  n6gatif,  malgre  des  variations  tres  fortes  du 
frottement  local  entre  les  creux  et  les  cretes  des  riblets.  Ces  calculs  sont  encore  pre- 
liminaires  mais  s'ils  se  revelaient  exacts,  ils  demontreraient  que  l'action  sur  la  turbu¬ 
lence  est  un  element  determinant  de  l'effet  des  riblets. 


MANIPULATORS  EXTEKNES 


"LEBU 


Un  autre  concept  pour  la  reduction  du  frottement  turbulent  consiste  a  util isor  ties  ma¬ 
nipulateurs  do  couche  limite  places  dans  la  partie  externe  do  1  * ecoulemer.t  turbulent  ;  il 
s'ugit  do  lameiles  minces  cu  de  profiles  inseres  dans  la  couche  limite  para  1 le lement  a  la 
pa  roi . 

Cos  dispositifs  sont  souvent  appeles  LEBU  (Large  Eddy  Break-Up  devices)  suivant  la 
denomination  preposee  par  le  groupo  de  recherche  de  la  NASA  LANGLEY.  D'autres  appellations 
out  ete  utilisees  :  ribbons,  BLADES  (Boundary  Layer  Alteration  DEvices)  ou  manipulateurs 
de  couche  limite.  En  fait,  les  changcments  de  nom  ont  ete  plus  ou  moms  lies  a  une  expli¬ 
cation  de  leur  mode  de  fonctionnement .  En  particulier,  la  terminologie  LEBU  etait  destinee 
a  1' origins  a  bien  marquer  que  le  role  joue  par  les  lameiles  etait  de  casser  les  grosses 
structures  de  l'ecoulement  exterieur.  L ' appel la t ion  manipulateur  de  couche  limite  est  plus 
vague  mais  eile  indique  bien  que  les  mecanismes  exacts  de  leur  action  nc  sont  pas  connus 
avec  certitude. 


L'idee  origir.eile  de  ce  type  de  reduction  de  trainee  est  due  a  YAJNIK  et  ACHARYA.  I  Is 
introduisirent  un  eeran  compose  de  barreaux  cylindriques  horizontaux  et  verticaux  dans  une 
couche  limite  turbulente.  Les  resultats  mentrerent  que  le  coefficient  de  frottement  local 
pouvait  etre  reduit  d'un  peu  plus  de  50  % en  aval  de  l'ecran.  La  relaxation  intervenait 
sur  une  distance  de  100  a  150  epaisseurs  physiques  de  couche  limite.  Ma Iheureusement ,  la 
trainee  propre  de  l'ecran  etait  trop  importante  pour  obtenir  un  bilan  global  favorable. 

Les  configurations  experimentales  par  la  suite  consisterent  en  un  arrangement  du  type  nid 
d'abeille  avec  quelques  plaques  horizontales  et  verticales  (HEFNER  et  al) .  Des  reductions 
locales  moyennes  de  20  i  sur  le  frottement  furent  mesurees  mais  la  trainee  totale  (compte 
tenu  de  la  trainee  inauite  par  les  manipulateurs)  etait  augmentee  de  50  a  90  S. 

De  fait,  le  probieme  r.'est  pas  tant  d'obtenir  des  reductions  de  frottement  parietal 
spectaculaires ,  mais  il  est  bien  d'optimiser  la  configuration  pour  que  l'effet  negatif  de 
la  trainee  propre  du  manipulateur  ne  detruise  pas  completement  le  gain  lie  a  la  diminu¬ 
tion  du  frottement  parietal. 


5.1.  Performances  globales 


La  variation  de  trainee  globale  due  a  la  presence  de  manipulateurs  exter.es  a  ete  ge- 
neralement  estimee  A  propos  d ' experiences  sur  plaque  plane  (gradient  dr  pression  nul  pour 
la  couche  limite  non  manipulee)  en  utilisant  des  mesures  de  couche  limite.  La  variation  de 
trainee  est  ainsi  calculee  a  l'aide  de  la  formule  : 


Cxref  *  f  " i *  NM 


ou  j  et  .  representent  respectivement  les  epaisseurs  de  quantite  de  mouvement  determi- 

nees  a  la  station  finale  et  ci  une  station  initiate,  cette  derniere  etant  prise  en  amont 
du  manipulateur  de  fagen  a  inclure  sa  trainee  propre.  Cette  formule  n'est  valable  que 
pour  des  ecoulements  bidimensionnels  pour  lesquels  il  n'y  a  pas  de  variation  de  pression 
entre  les  stations  initiate  et  finale.  En  particulier,  le  calcul  de  la  variation  de  trai¬ 
nee  n'est  significatif  que  si  les  stations  initiate  et  finale  sont  en  dehors  du  champ  de 
perturbation  de  pression  induit  par  le  manipulateur.  Hormis  cette  difficulty,  il  convient 
de  noter  egalement  que  l'ecoulement  n'est  jamais  parfaitement  bidimensionnel  et,  en  plus, 
des  imperfections  minimes  des  manipulateurs  peuvent  conduire  a  des  variations  en  envergure 
de  l'epaisseur  de  quantite  de  mouvement. 


Les  resultats  les  plus  positifs  du  point  de  vue  gain  de  trainee  totale  ont  ete  obtenus 
avec  un  arrangement  de  lameiles  placees  1 ' une  derriere  1 ' autre  (montage  en  tandem) (ANDERS 
et  al) .  Les  lameiles  avaient  une  corde  c  egale  a  l'epaisseur  6^  de  la  couche  limite  mesuree 

a  1 ' emplacement  des  manipulateurs  (6  =  12,7  mm  ;  R  =  3  300  ;  U  .  =  40  ms-1)  ;  l'epaisseur 

O  U  >x-‘ 

des  lameiles  est  t/ i  =  0,02  ;  l'espacement  s  entre  les  lameiles,  de  bord  d'attaque  a 
bord  d'attaque,  etait  s  =  10  ;  la  distance  h  par  rapport  a  la  paroi  etait  h  =  0,8  SQ. 

Dans  ccs  conditions,  la  reduction  de  trainee  est  de  l'ordre  de  7  %  pour  une  longueur  de 
couche  limite  manipulee  superieure  a  100  6  (fig.  36). 
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Fig.  36  -  Bilan  global  de  trainee  en  aval  de 
manipulateurs  externes  places  en  tandem  (c  = 

6  ,  s  =  10  5  ,  t  =  0,22  {  I  d'apres  ANDERS  et 
o  o  o 

al,  1984 

o  h  =  0,3  O  h  =  0,55  <>h  =  0,80  6q 


Pour  les  applications  a  1' avion,  les  man lpulateurs  tres  fins  nc  sont  pas  envisagea- 
blos  a  cause  des  problemes  mecaniques  qu'ils  entralnent.  Des  manipulateurs  de  structure 
plus  rigide  doivent  etre  utilises  pour  le  vol.  Des  essais  ont  ete  realises  a  la  NASA 
LANGLEY  avec  des  profils  NACA  0009  (ANDERS  -  WATSON) .  Pour  les  conditions  exper imentales 
cons lderees  (•  =  27  mm,  R  =  7  400,  =  40  ms--*),  le  nombre  de  REYNOLDS  caracteristique 

de  la  corde  du  manipulateur  est  =  75  000.  La  configuration  en  tandem,  avec  un  espace- 
mer.t  s  -  10  ;  ,  conduit  a  des  reductions  de  trainee  totale  de  l’ordre  de  7  %  lorsque  la 

longueur  manipulee  est  au  mo  ins  120  •  .  Les  resultats  montrerent  que  la  trainee  propre  du 

prof li  etnit  essent le 1 lement  une  trainee  de  frottement  laminaire  bien  que  le  manipulateur 
soit  dans  une  couche  linuto  turbulente.  Avec  un  profil  dissymetr ique  NACA  4409,  aucun  gain 
n’a  ete  obtenu  a  cause  de  1' existence  d’une  zone  de  decollement  sur  le  profil,  augmentant 
umsi  sa  trainee  propre. 

WALSH  et  LINDEMANN  ont  reporte  des  resultats  d 1 exper iences  mettant  en  jeu  une  combi- 
r.a i son  de  manipulateurs  exterr.e  (LEBU)  et  interne  (riblets).  Ces  mesures  ont  tendance  a 
mdiquer  que  les  effets  des  deux  types  de  manipulateurs  s'ajoutent.  Jusqu'a  present,  les 
possibility  offertes  par  une  telle  eombinaiso:.  nc  semblent  pas  avoir  ete  exploitees. 

Un  probleme  general  rencontre  lors  des  etudes  de  manipulateurs  externes  est  1' extreme 
sensibilite  des  resultats  obtenus  dans  des  laboratoires  differents  ou  meme  au  cours  d ' une 
experience  donnee.  ANDERS  remarque  que  la  totalite  des  essais  realises  en  laboratoire  cor¬ 
respondent  a  des  nombres  de  REYNOLDS  ca^acter istiques  de  la  corde  du  manipulateur  relati¬ 
ve  men  t  faibies  et  en  tout  cas  bien  inferieurs  a  ceux  qui  resulteraient  d'une  application 
en  vol  et  qui  sont  de  l'ordro  de  100  000  a  500  000.  Ainsi,  ANDERS  met  on  avant  toutes  les 
difficulty's  liecs  aux  faibies  nombres  de  REYNOLDS  (phenomenes  de  transition  et  de  decol- 
1  event  notamment)  qui  peuvent  expliquer  ’os  incertitudes  exper imenta les .  En  outre,  1  ’  ex¬ 
trapolation  aux  nombres  de  REYNOLDS  pliu  eleves  n'est  pas  facile. 

Les  seuies  donnees  dispor.ibles  a  des  nombres  de  REYNOLDS  s igni f icat i f s  sont  cellos  de 
BERTELRl'D  qui  a  etudie  le  conpor tement  de  manipulateurs  externes  sur  l'ailc  d ' un  avion 
on  ecou  i  event  t  runssor.  ique .  Le  bilan  de  trainee  totale  n'a  pas  ete  realise  mais  il  semble 
cue-  ’a  redu-tion  de  frottement  parietal  soit  du  meme  ordre  que  cello  observee  en  labora¬ 
toire.  II  est  d’ ail  lours  a  noter  que  dans  ces  experiences  le  manipulateur  est  place  pa¬ 
ra  1  le  foment,  a  1  ’  erjvc  rgure ,  avec  un  angle  de  fleche  de  35°  par  rapport  a  la  vitesse  de 
1' avion.  II  est  done  interessant  de  constator  que,  dans  de  telles  conditions,  les  effets 
des  manipulateurs  ne  sont  pas  fondamenta lement  modifies.  On  peut  en  effet  pensei  que  les 
mecamsmos  ccr.duisant  a  la  variation  de  frottement  parietal  sont  similaires  a  ceux  des 
experiences  de  laboratoire.  En  ecoulement  transsonique ,  il  faut  cepcndant  ctre  capable 
de  dossinor  une  forme  do  manipulateur  adaptee  au  regime  d 1 ecoulement ,  de  fagon  a  minimi¬ 
ser  s  a  trainee  propre. 

3.2.  Effets  sur  1' ecoulement 

Examinons  tout  d’abord  1' influence  de  manipulateurs  externes  sur  les  caracter istiques 
moyonnos  de  1 'ecoulement  :  profils  de  vitesses  moyennes,  tensions  de  REYNOLDS,  coefficient 
de  frottement  parietal.  A  cette  fin,  nous  utiliserons  les  resultats  obtenus  en  ecoulement 
subsoniquo  par  COUSTOLS  et  al.  La  couche  limite  est  etudiee  le  long  du  plancher  de  la 
veine  d’essais  ;  la  transition  est  declenchee  a  l'aide  d’un  fil  place  a  l'entree  de  la 
Ye  me.  Une  configuration  en  tandem  a  ete  etudiee  ;  cheque  manipulateur  est  forme  d'un  pro¬ 
fil  NACA  0009  de  corde  c  =  20  mm  (fig.  37).  Au  droit  du  premier  profil,  la  couche  limite 
non  manioulee  a  une  epaisseur  •  =  i7  mm.  Les  essais  etant  effectues  a  differentes  vi- 

i  ° 

tesses  U  =  16,  24,  32  ms  i,  ie>s  nombres  de  REYNOLDS  R  sont  21  100,  31  700  et  42  200. 

c 

Les  nombres  de  REYNOLDS  R  formes  avec  1 ’epaisseur  de  quantite  de  mouvr-nent  au  droit  du 
premier  manipulateur  sont  alors  1  500,  2  200  et  2  900.  L’espacement  entre  les  manipula¬ 
teurs  de  Lord  d’attaque  a  bord  d’attaque  est  s  =  100  mm  ou  s  =  200  mm,  soit  s/ :  #  6  ou 
12.  Enfin,  ia  hauteur  des  manipulateurs  par  rapport  a  la  paroi  est  reglable. 

Le  coefficient  de  frottement  a  ete  mesure  a  l’aide  de  jauges  parietales  a  elements 
chauds  d’une  part  et  a  l’aide  d’une  balance  a  element  flottant  developpee  a  1 ’ University 
LAVAL  (NGUYEN  et  ai),  d’ autre  part.  Dans  certaines  etudes,  le  coefficient  de  frottement 
a  ete  determine  par  le  biois  de  mesures  de  la  vitesse  et  par  1  ’ utilisation  de  la  loi  de 
paroi.  Cette  technique  est  cntiquable  car  les  manipulateurs  alterent  profondement  la 
structure  de  la  couche  limite  et  la  validity  de  la  loi  de  paroi  est  done  remise  en  ques¬ 
tion,  . 


Fig.  37  -  Principales  notations  pour  la  configuration  :  profiles  NACA  0009 
monies  en  tandem 


Les  figures  38-41  donnent  les  resultats  obtenus  dans  les  configurations  en  tandem 
ot  elles  montrcnt  la  comparaison  avec  ceux  obtenus  avec  un  seul  manipulateur .  Ces  resul- 
te.ts  sont  donnes  sous  la  forme  du  rapport  avec  le  coefficient  Cf  ^  mesure  pour  la  couche 
limite  non  manipulee.  Cn  notera  que  1 ' accord  entre  les  mesures  effectuees  avec  les  jauges 
a  element  chaud  et  avec  la  balance  est  excellent. 

D'une  fagon  generate,  les  resultats  indiquent  que  la  valeur  maximum  de  reduction  du 
frottement  est  d'autant  plus  grande  que  les  manipulateur s  sont  plus  pres  de  la  paroi.  Ce 

pic  de  reduction  est  voisin  de  30  %  lorsque  h/6Q  =  0,24  dans  la  configuration  en  tandem  ; 
il  est  plus  fort  que  pour  un  manipulateur  unique  place  a  la  meme  distance  de  la  paroi. 

En  outre,  lorsque  le  manipulateur  est  plus  proche  de  la  paroi,  la  position  en  x  du  maxi¬ 
mum  de  reduction  est  plus  proche  du  bord  de  fuite  du  manipulateur.  Dans  la  configuration 
en  tandem  ( s / *  =  12) ,  une  jauge  a  ete  placee  sous  le  deuxieme  manipulateur  ;  elle  indi- 

que  une  augmentation  tres  importante  du  coefficient  de  frottement  (70  %  pour  h/6  =  0,24). 

On  peut  penser  qu'il  s'agit  d'un  effet  de  gradient  de  pression  du  au  champ  cree  par  le 
manipulateur . 

La  relaxation  de  l'evolution  du  frottement  parietal  en  aval  des  manipulateurs  est  un 
element  essentiel  de  leur  f onctionnement  car  c ' est 1 ' integraie  du  gain  qui  doit  compenser 
la  trainee  mduite  par  les  profils.  On  observe  que  la  relaxation  est  plus  lente  lorsque 
la  distance  h / .5 q  est  plus  grande.  A  l'abscisse  x/5q  =  50,  cette  relaxation  n'est  pas  ter- 
minee.  Ceitaines  experiences  ont  d'ailleurs  montre  que  le  retour  vers  la  valeur  de  refe¬ 
rence  r.e  se  fait  pas  de  fagon  monotone,  c'est-a-dire  qu'il  peut  y  avoir  un  depassement 
par  rapport  au  frottement  de  la  couche  limite  non  manipulee  avant  de  revenir  a  l'etat  non 
perturbe  (BERTELRUD,  ANDERS  et  al). 

La  figure  41  compare  l'effet  d'un  seul  manipulateur  et  celui  d'un  arrangement  en  tan¬ 
dem  pour  s/:Q  =  6  et  s/5q  =  12.  On  observe  que  la  relaxation  est  plus  lente  dans  la  confi¬ 
guration  en  tandem  ;  il  y  a  done  un  benefice  de  ce  point  de  vue .  Evidemment,  la  trainee 
des  manipulateurs  est  plus  forte  mais  il  semble  que  la  sorarae  des  trainees  des  deux  profils 
en  tandem  soit  inferieure  a  deux  fois  la  trainee  du  profil  seul.  En  outre,  on  constate 
que  la  reduction  totale  de  frottement  parietal  est  plus  grande  pour  s/6q  =  12  que  pour 
s/ ;  =  6.  Ceci  est  en  accord  avec  les  resultats  de  ANDERS  et  al  qui  indiquent  un  espace- 

ment  optimal  s/5  =  10. 

o 

Des  donnees  relatives  a  l'evolution  du  coefficient  de  frottement  ont  st6  obtenues  dans 
plusieurs  autres  laboratoires ,  dans  des  conditions  d ' experiences  differentes.  Les  r6sul- 
tats  regroupes  par  LEMAY  et  al  indiquent  un  bon  accord  entre  toutes  les  mesures  et  montrent 
que,  au  moins  qua li tat i vement ,  la  forme  des  manipulateurs  n’ influe  pas  enormement  sur  le 
comportcment  du  frottement  parietal. 


en  aval  de  profiles  NACA  0009  months  en 
tandem  (memes  symboles  que  pour  la  figure 
38) 


15  30  45 


Fig .  40  -  Evolution  longitudinale  du  Cf  en  Fig .  41  -  Influence  de  l'espacement  sur  la 

aval  de  profiles  NACA  0009  montes  en  tandem  relaxation  du  Cf  (o,  •  jauges  £  616ment  chaud 

(m@mes  symboles  que  pour  la  figure  38)  A  >  A  balance  de  frottement) 


Exammons  maintenant  1* influence  des  manipulateur s  sur  l'ecoulement  dans  la  configu¬ 
ration  suivante  :  c/o  =  1,2  ;  h/5  =  0,3  ;  s/6  =12;  5  =  17  mm  ;  U  =32  ms-1  ; 

R_  =  2  900.  °  ° 

La  figure  42  montre  l'evolution  des  profils  de  vitesse  moyenne  entre  les  manipula- 
teurs  (X^  =  0  correspond  au  bord  de  fuite  du  manipulateur  araont  (fig.  37))  et  en  aval  du 
manipulateur  (X^  =  0  correspond  au  bord  de  fuite  du  manipulateur  aval).  On  observe  bien 
sflr  la  disparitior,  progressive  du  deficit  de  quantite  de  mouvement  cre£  par  les  manipu- 
lateurs  par  suite  du  melange  du  sillage  avec  l'ecoulement  de  couche  limite.  On  remarque 
que  la  poche  de  deficit  de  quantite  de  mouvement,  tout  en  diffusant  dans  la  couche  limite, 
a  tendance  a  se  deplacer  vers  les  regions  situees  plus  pr6s  de  la  paroi.  Ce  comportement 
est  a  relier  a  l'evolution  de  la  contrainte  turbulente  apparente  -  p  <u'v’>  (fig.  43)  qui 
assure  la  diffusion  de  quantite  de  mouvement.  Au  voisinage  du  bord  de  fuite  des  manipula- 
teurs,  on  note  une  pente  negative  assez  forte  de  la  tension  -  p  <u'v’>,  notamment  du  c6te 
mferieur  du  sillage,  ce  qui  implique  un  transfer!  de  quantite  de  mouvement  vers  la  region 
ou  la  derives  de  -  <u'v'>  est  positive,  d '  ou  la  tendance  au  remplissage  de  la  poche  de- 

ficitaire  a  partir  surtout  de  la  region  inferieure.  II  est  interessant  de  remarquer  que, 
tres  pres  des  manipulateurs ,  le  profil  de  la  contrainte  -  p  <u'v’>  est  affecte  sur  une 
partie  importante  de  la  couche  limite  et,  dans  l'ensemble,  les  valeurs  de  -  p  <u'v'>  sont 
tres  inferieures  a  celles  de  la  couche  limite  non  manipulee  ,-  quelques  points  en  valeurs 
negatives  sont  meme  mesures.  La  comparaison  aux  profils  de  <u’2>  et  <v'2>  montre  qu'il 
s'agit  plus  d'une  "decorrelation"  entre  les  fluctuations  longitudinale  et  transversale 
que  d'une  reduction  individuelle  de  chaque  composante.  Ces  observations  sont  a  relier 
tres  directement  a  la  diminution  du  frottement  parietal.  En  aval,  X./6  =  9,41;  19;33,  on 

constate  que  la  tension  -  p  <u'v‘>  est  plus  grande  que  pour  la  coucne  °limite  non  manipu- 
iee.  Ce  resultat  avait  de]a  ete  remarque  par  VEUVE  et  al,  LEMAY  et  al.  Ce  phenomene  se 
produit  lorsque  le  sillage  touche  la  paroi  ;  en  meme  temps,  le  coefficient  de  frottement 
parietal  Cf/Cf  ^  commence  a  croitre.  On  peut  relier  ces  resultats  a  une  explication 
avancee  par  FALCO  et  al  selon  laquelle  la  turbulence  de  sillage  vient  alors  exciter  les 
structures  de  paroi,  ce  qui  a  tendance  a  augmenter  la  production  de  turbulence. 

Les  profils  de  l'intensite  longitudinale  de  turbulence  <u'2>  et  de  l'intensite  trans¬ 
versale  <v'2>  sont  donnes  sur  les  figures  44  et  45.  Pres  des  manipulateurs,  on  observe 
un  exces  de  turbulence  qui  diminue  rapidement  et  les  intensitds  de  turbulence  <u'2>  et 
<v’2>  deviennent  inferieures  a  leurs  valeurs  en  couche  limite  non  manipulde.  Une  explica¬ 
tion  possible  est  que  la  turbulence  creee  par  le  sillage  des  manipulateurs  remplace  la 
turbulence  preexistante  qui  a  tendance  a  etre  cassee  par  les  manipulateurs.  Or,  l’6chelle 
de  longueur  de  cette  nouvelle  turbulence  est  plus  petite  que  celle  de  la  couche  limite. 

II  s'ensuit  que  le  taux  de  decroissance  est  plus  eleve  et  done  il  n'est  pas  paradoxal  de 
constater  en  fin  de  compte  une  diminution  des  intensitfes  de  turbulence.  En  aval,  aux  abs¬ 
cisses  X^/ i  =  9,41  ;  19  ;  33,  on  observe  que  <v’2>  comme  -  <u'v‘>  ddpasse  les  valeurs  de 
couche  limite  non  manipulee. 
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Fig.  42  -  Profils  de  vitesse  longitudinale  en  aval  de  la  configuration  tandem 
(+  sans  manipulateur,  o  avec  manipulateur  c/^0  =  1#2  h/  6o  =  0,3  s/6q  =  12) 
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Fig.  43  -  Profils  de  frotte- 
ment  turbulent  en  aval  de  la 
configuration  tandem  (+  sans 
manipulateur ,  o  avec  manipula- 
teur  o  /  6o  =  1,2  h/6  =  0,3 
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Fig.  45  -  Profils  d1 intensity 
transversale  de  turbulence  en 
aval  de  la  configuration  tan¬ 
dem  (mSmes  notations  que  pour 
la  figure  43) 
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5.3.  Effets  sur  la  structure  de  la  turbulence 


Line  premiere  analyse  de  l'effet  des  manipulateurs  sur  la  turbulenceest  obtenue  a  l'aide 
de  la  mesure  de  la  repartition  spectrale  d'energie  (COUSTOLS  et  al,  1937). 

Les  figures  46a-b  illustrent  l'effet  sur  le  spectre  de  la  fluctuation  longitudinale 
de  Vitesse.  Pres  du  manipulateur  amont  (Xu/5  =  0,06),  la  trace  du  sillage  est  nettement 

preserve  oour  y  =  5  mm  avec  une  double  bosse  caracteristique  (KEFFER) .  Cet  effet  persiste 
j usque  Xu/;o  =  1,13.  Les  spectres  mettent  en  evidence  un  apport  de  structures  a  petite 
echelle  produites  par  le  sillage  et  1 1 af faiblissement  d'energie  a  basse  frequence  lie  4 
la  suppression  des  structures  a  grande  echelle.  Ces  resultats  sont  tout  a  fait  comparables 
a  ceux  obtenus  par  LEMAY  et  al  et  par  SAVILL.  Les  spectres  de  la  fluctuation  transversale 
montrent  des  effets  comparables  (fig.  47a-b)  mais  la  double  bosse  caracteristique  lu  sil¬ 
lage  est  moins  nette  et  le  deficit  d'energie  a  faible  frequence  est  plus  important  que 
pour  la  fluctuation  longitudinale  de  vitesse. 


Xu/6o=0.06  Xu/60r  0.24 


Fig.  46  -  Spectres  de  u'J  4  diff£rentes  abscisses  du  profile  amont  NACA  0009 

-  sans  manipulateur  -  avec  manipulateur 

c/6q  =  1,2  h/6Q  =  0,3 
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Fig.  47  -  Spectres  de  v'2 
a  differentes  abscisses  en 
aval  du  profile  amont  NACA 
0009 

(m§mes  notations  que  pour 
la  figure  46) 
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Pour  cette  m§me  configuration  (profiles  NACA  0009  en  tandem) ,  des  spectres  de  fluc¬ 
tuations  de  pression  ont  6te  mesur^s  4  partir  de  petits  microphones  months  affleurant 
avec  la  paroi.  L'analyse  spectrale  a  r6v6ie  que  la  modification  du  spectre  de  p'2  etait 
6troitement  li6e  d'une  part  £  la  position  du  manipulateur  dans  la  couche  limite  (fig.  48) 
et  d1 autre  part  cl  1 ' emplacement  du  microphone  en  aval  du  bord  de  fuite  du  profile  aval 
(COUSTOLS  et  COUSTEIX,  1988).  Aux  basses  frequences,  une  reduction  maximale  des  fluctua¬ 
tions  de  pression  de  l'ordre  de  11-16  %  a  ete  observee.  Ces  resultats  sont  en  accord  avec 
ceux  obtenus  par  OLIVERO  et  al  en  aval  de  manipulateurs  profiles  (NACA  0009)  montes  en 
tandem.  L'effet  des  manipulateurs  r6duit  la  valeur  r.m.s.  des  fluctuations  de  pression 
de  20  %. 


Fig.  48  -  Spectres  de  p'2  en  aval  de 
la  configuration  tandem  ;  c/6Q  =  1,2 
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Pour  preciser  l'effet  sur  les  grosses  structures,  DELVILLE  et  al  ont  effectu6  des  me- 
sures  de  correlations  spatio-temporelles  de  la  fluctuation  longitudinale  de  vitesse.  II 
s'agit  de  correlations  en  deux  points  avec  d6calage  en  temps  et  en  espace  suivant  y  ou  z . 
Les  figures  49a  et  49b  donnent  les  correlations  pour  des  dAralages  normaux  4  la  paroi  et 
les  figures  50a  et  50b  pour  des  decalages  transversaux .  A  l'aide  de  l'hypoth4se  de  TAYLOR, 
le  decalage  temporel  est  interpret^  comme  un  d6calage  spatial  longitudinal  de  sorte  que 
les  figures  49  et  50  representent  respectivement  des  sections  de  l'6coulement  pour  des 
plans  (x,  y)  normaux  a  la  paroi  et  pour  des  plans  (x,  z)  paralldles  4  la  paroi. 

Les  mesures  ont  ete  realis£es  avec  le  point  fixe  a  y/6Q  =  0,1  qui  se  situe  4  1 ' inter¬ 
face  des  regions  interne  et  externe.  Sur  ces  figures,  les  zones  gris£es  correspondent  4 
la  partie  negative  des  correlations  et  les  traits  fins  4  la  couche  limite  non  manipuiee. 
Les  lignes  d'isovaleurs  tracees  sont  :  -  0,1  ;  -  0,05  ;  0,05  ;  0,1  ;  0,2  ;  0,4.  La  nor¬ 
malisation  des  echelles  est  effectude  avec  U  et  6. 

e 

La  configuration  etudiee  est  un  manipulateur  unique  constitu£  d'une  lame  mince 
(corde  c  =  25  nun  j  epaisseur  t  =  0,1  mm  ;  distance  4  la  paroi  h  =  10  mm  ;  6  =  23,5  mm  ; 

U  =  26  ms-1  ;  R  =4  000). 
e 

v  etant  la  distance  longitudinale  reduite  4  partir  du  bord  de  fuite  X/6q,  les  corre¬ 
lations  spatio-temporelles  mettent  en  evidence  une  nette  reduction  des  echelles  int£gra- 
les  verticale  et  longitudinale  alors  que  l'6chelle  transversale  semble  peu  affect£e. 

BLACKWELDER  et  CHANG  avaient  egalement  realise  des  mesures  de  correlations  spatio- 
temporelles  qui  tendaient  4  montrer  une  rupture  du  lien  entre  les  regions  situees  de  part 
et  d'autre  du  manipulateur. 


Separations  verticales,  sonde  de  reference  4  y/5  =  0.1 


Separations  laterales.  sonde  de  reference  a  y/6  =  0,5 


~r 


Fig.  49  et  50  -  Correlations  spatio-temporelles  de  la  composante  longitudinale  de  la 

vitesse  d'apr4s  DELVILLE  et  al  ( -  couche  limite  manipuiee,  -  couche  limite  non 

manipuiee) 


BOGARD  et  COUGHRAN  ont  etudie  l'influence  de  manipulateurs  sur  la  production  de  turbu¬ 
lence.  La  configuration  experimentale  6tait  form6e  de  deux  lamelles  en  tandem  (c/6Q  =  1,06 
s/SQ  =  5,8  ;  t/fiQ  =  0,004  ;  Rc  =  12  600  ;  Rg  =  1  030)  placees  4  diff6rentes  distances  de 
la  paroi  ( la / 6 Q  =  0,75  ;  0,50  ;  0,30).  BOGARD  et  COUGHRAN  ont  tout  particuli4rement  6tudi6 
la  frequence  des  bursts  et  des  ejections  pr4s  de  la  plaque  plane.  Ils  ont  observe  que, 
pour  y *  =  15,  la  frequence  moyenne  des  ejections  avait  suivant  x  une  evolution  tr4s  com¬ 
parable  4  celle  du  coefficient  de  frottement  :  mSme  reduction,  mime  relaxation.  Par  contre, 
la  frequence  des  bursts  semble  peu  affect6e.  Les  manipulateurs  agiraient  done  sur  la  struc¬ 
ture  des  bursts  et  peu  sur  le  m6canisme  qui  les  stimule. 

D'une  fagon  generale,  l'ensemble  des  mecanismes  agissant  qui  conduisent  4  la  reduction 
de  frottement  est  encore  mal  connu.  FALCO  et  RASHIDNIA  pensent  que  le  sillage  des  manipu¬ 
lateurs  joue  un  r81e  preponderant.  Par  sa  presence,  le  sillage  aurait  tendance  4  inhiber 
la  formation  des  mouvements  4  grande  vitesse  vers  la  paroi,  ce  qui  maintient  un  faible 
coefficient  de  frottement.  Lorsque  le  sillage  touche  la  paroi,  il  y  aurait  excitation  de 
la  production  de  turbulence  d'oil  une  augmentation  du  frottement  parietal.  Plus  en  aval, 
l'effet  de  sillage  persiste,  ce  qui  permet  de  maintenir  une  reduction  de  frottement  sur 
une  distance  assez  longue. 

FALCO  et  RASHIDNIA  pensent  que  les  mouvements  dissipatifs  du  sillage  consomment  une 
partie  de  l'energie  du  fluide  4  grande  vitesse,  ce  qui  r6duit  done  ces  mouvements  qui  ba- 
laient  la  paroi  et  qui  jouent  un  rdle  important  dans  le  processus  de  production  de  turbu¬ 
lence.  A  l'aide  de  mesures  conditionnelles  et  de  correlations  spatio-temporelles,  FALCO 
et  RASHIDNIA  ont  montre  que  les  fluctuations  de  vitesse  longitudinale  et  normale  4  la  paroi 
sont  tr4s  r6duites  dans  les  bouff6es  turbulentes  de  la  region  externe  de  la  couche  limite  ; 
ils  ont  montr4  que  ces  fluctuations  sont  6galement  r6duites  dans  l'6coulement  irrotationnel 


22-20 


cr.tre  les  structures  turbulentes.  Les  echelles  integrates  etant  reduitcs,  1 ' appel lation 
LEBl'  est  ]ustifiee  mais  il  est  plus  significatif  de  decrire  les  manipulateur s  come  des 
"decorrelateurs"  entre  les  fluctuations  de  u'  et  de  v'.  FALCO  et  RASHIDNIA  montrent  que 
la  decorrelation  entre  u'  et  v'  vient  du  dephasage  entre  ces  fluctuations  de  vitesse. 

L‘ influence  du  sillage  se  manifeste  done  de  differentes  fagons  qui  contribuent  proba- 
blement  toutes  un  peu  au  fonctionnement  des  manipulateurs  :  deconnexion  des  regions  in¬ 
terne  et  externe  de  la  couche  limite,  dissipation  accrue,  decorrelation,  diminution  de 
1 1 entrainement  de  fluide  exterieur  dans  la  couche  limite  par  modification  de  la  fron- 
tiere  libre.  Le  deficit  de  quantite  de  mouvement  qui  diffuse  vers  la  paroi  joue  un  r61e 
aussi,  mais  il  faut  noter  que  le  frottement  parietal  diminue  bien  avant  que  le  sillage 
n'atteigne  la  paroi.  Ces  effets  se  combinent  a  ceux  du  manipulateur  lui-meme.  D'abord, 
les  fluctuations  de  vitesse  sont  reduites  par  la  presence  de  la  paroi.  Ensuite,  le  champ 
de  pression  induit  par  le  manipulateur  ainsi  que  les  modifications  des  fluctuations  de 
pression  peuvent  ]ouer  un  role.  En  outre,  ATASSI  et  GEBERT  ont  effectue  des  calculs  en 
fluide  parfait  de  l'ecoulement  autour  d'un  manipulateur  a  l'aide  de  la  thfeorie  des  6cou- 
lements  instationnaires .  Ils  ont  introduit  des  perturbations  harmoniques  a  l'amont  et  ils 
ont  montre  qu'une  circulation  est  induite  autour  du  manipulateur  et  qu' il  y  a  creation 
d'un  feuillet  tourbillonnaire  issu  du  bord  de  fuite.  Ce  sillage  induit  une  vitesse  qui 
annule  plus  ou  moins  la  perturbation  amont.  Ainsi,  1 ' amortissement  maximum  de  la  fluctua¬ 
tion  verticale  de  vitesse  est  realise  pour  des  nombres  d'ondes  dont  1 ' ordre  de  grandeur 
est  donne  par  1' inverse  de  la  corde  du  manipulateur.  On  en  conclut  que  les  manipulateurs 
les  plus  efficaces  sont  ceux  dont  la  corde  est  voisine  de  l'epaisseur  de  la  couche  limite 
i  puisque  cette  echelle  caracterise  la  turbulence. 

Toutefois,  il  faut  remarquer  que  l'effet  des  manipulateurs  est  plus  de  decorreler 
les  fluctuations  u1  et  v'  plutot  que  d'affaiblir  chacune  d'elles. 

5.4.  Calcul  de  la  couche  limite  manipulee 

Des  essais  de  calcul  de  la  couche  limite  en  presence  de  manipulateurs  ont  ete  realises 
par  TENAUD  et  al,  COUSTOLS  et  al.  L'ecoulement  est  calcule  par  resolution  des  equations  de 
NAVIER-STOKES  moyennees.  Differents  modules  de  turbulence  ont  ete  mis  en  oeuvre.  Pres  des 
parois,  un  modele  de  longueur  de  melange  est  toujours  utilise.  Ailleurs,  differents  mo- 
deles  d' equations  de  transport  sont  mis  en  jeu  :  soit  un  module  a  deux  equations  pour 
l'energie  de  turbulence k  et  son  taux  de  dissipation  e,  soit  un  modele  a  trois  equations 
pour  k,  t  et  <u'v'>,  soit  un  modele  a  cinq  equations  pour  e,  k,  <u'2>,  <v'2>  et  <u'v’>. 

Le  domaine  de  calcul  couvre  une  distance  longitudinale  de  70  6  avec  15  6  en  amont 

o  o 

du  manipulateur  et  une  distance  normale  k  la  paroi  de  20  SQ  (fig.  51). 

La  figure  52  permet  de  juger  la  qualitd  des  r&sultats  obtenus  par  les  differents  mo- 
deles.  La  configuration  choisie  est  celle  d'un  manipulateur  form6  d'une  seule  plaque  mince 
(c/6q  =  0,75  ;  e/6Q  =  0,007  ;  h/<5Q  =  0,3).  On  constate  que  les  meilleurs  rfesultats  sont 
obtenus  avec  le  modele  k  cinq  Equations  ;  toutefois,  le  modele  k  trois  Equations  donne 
des  resultats  assez  voisins. 


Fig.  51  -  Domaine  de  calcul  -  Module  4 
deux  couches 


Fig.  52  -  Validation  des  modules  de 
fermeture 
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La  figure  53  compare  a  1' experience  1' evolution  du  coefficient  de  frottement  calcuie 
a  l'aide  du  modele  a  trois  equations  de  transport  pour  differentes  distances  h  entre  la 
paroi  et  le  manipulateur .  On  constate  que  le  meilleur  accord  est  obtenu  lorsque  la  dis¬ 
tance  h  est  la  plus  faible.  Pour  la  plus  grande  distance,  l'effet  du  manipulateur  est 
assez  mal  prevu  puisque,  relativement  au  cas  non  manipule,  la  difference  entre  calcul  et 
experience  est  de  l'ordre  de  50  %. 

Enfin,  la  figure  54  montre  un  calcul  d ' optimisation  d ' une  configuration  en  tandem 
(h/;Q  =  0,35  ;  e / 6 o  =  0,007  ;  c/6q  =  1,2).  Le  parametre  a  optimiser  est  l'espacement  s/6q 
en  fonction  de  l'integrale  du  frottement  parietal.  L'optimum  est  obtenu  pour  s/6q  de  I'or- 
dre  de  10  a  12,  ce  qui  est  en  bon  accord  avec  les  resultats  experimentaux . 

D 1 une  fagon  generale,  les  calculs  realises  ont  permis  d'aboutir  aux  conclusions  sui- 
vantes.  Le  modele  k-c  reproduit  qualitativement  les  tendances  exp6rimentales  mais  les  mo- 
deles  a  trois  ou  cinq  equations  donnent  de  meilleurs  resultats.  Compte  tenu  de  la  complexi- 
te  des  processus  physiques  mis  en  jeu,  il  est  assez  remarquable  que  ces  modeles  fournissent 
d'aussi  bons  resultats.  La  principale  difficulte  semble  etre  la  provision  plus  exacte  du 
frottement  de  paroi.  II  est  tres  probable  que  cette  difficulte  provient  du  traitement  de 
paroi  pour  lequel  des  modeles  plus  raffines  sont  necessaires. 


Fig.  54  -  Influence  de  l'es-  Fig.  53  -  Evolution  longitudinale  du  Cf 

pacement  pour  une  longueur  de 
couche  limite  manipul6e  donn6e 

CONCLUSIONS 


L ' amelioration  de  la  connaissance  des  mecanismes  agissant  sur  la  transition  de  la  cou¬ 
che  limite  d'une  part  et  de  ceux  qui  maintiennent  la  turbulence  d' autre  part  a  permis 
d'envisager  des  moyens  industriels  destines  4  r6duire  le  trainee  de  frottement  d'un  avion. 
Les  etudes  relatives  aux  manipulateurs  internes  ou  externes  confirment  certaines  hypotheses 
d6crivant  les  mecanismes  de  production  et  d'entretien  de  la  turbulence  ;  ces  etudes  con- 
tribuent  done  4  mieux  cerner  ce  phenom4ne  particuli4rement  complexe. 

Pour  les  applications  pratiques,  la  difficulte  majeure  reste  le  calcul  aussi  exact 
que  possible  des  ecoulements  transitionnels  et  turbulents. 

En  ce  qui  concerne  le  maintien  du  regime  laminaire,  1' element  essentiel  de  prevision 
repose  sur  1 ' utilisation  des  critdres  de  transition.  Ces  critdres  sont  capables  de  bien 
reproduire  les  tendances  experimentales  relatives  aux  effets  de  la  plupart  des  paramdtres 
importants  influengant  la  transition.  Cependant,  les  incertitudes  qui  existent  sont  encore 
trop  grandes  pour  faire  enti4re  confiance  au  calcul. 

De  la  m§me  fagon,  la  prevision  des  performances  des  manipulateurs  internes  ou  externes 
ndeessite  de  faire  appel  4  des  moddles  de  turbulence  extrSmement  raffines  car  les  gains 
de  trainee  escomptes  sont  relativement  faibles.  A  l'heure  actuelle,  les  applications  4 
l'avion  sont  envisagees  sur  la  base  de  rdsultats  exp6rimentaux .  Cet  appel  4  l'empirisme 
paralt  suffisant  pour  1 ' utilisation  de  riblets  mais  il  ne  permet  pas  d'dtudier  systema- 
tiquement  des  formes  vari6es  qui  pourraient  se  rev61er  eventuellement  meilleures  que 
celles  connues  actuellement.  En  ce  qui  concerne  le  calcul  des  6coulements  en  presence 
de  manipulateurs  externes,  les  resultats  sont  loin  d'etre  parfaits.  Comme  on  l'a  vu,  le 
calcul  permet  de  determiner  Involution  des  performances  globales  sous  l’effet  de  la  va¬ 
riation  de  l'un  des  param4tres  caractdrisant  la  geom6trie  du  manipulateur,  mais  ces  re¬ 
sultats  sont  largement  insuffisants  pour  connaitre  les  performances  effectives  obtenues. 
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SUMMARY 

Turbulence  management  for  the  reduction  of  turbulent  friction  drag  is  an  important  topic.  Numerous 
research  programs  in  this  field  have  demonstrated  that  valuable  net  drag  reduction  is  obtainable  by  techni¬ 
ques  which  do  not  involve  substantial ,  expensive  modifications  or  redesign  of  existing  aircrafts.  Hence, 
large  projects  aiming  at  short  term  introduction  of  turbulence  management  technology  into  airline  service 
are  presently  under  development. 

The  present  paper  intends  to  review  the  various  points  that  have  to  be  either  newly  or  deeper  investiga¬ 
ted  for  this  purpose.  Both  design  and  operational  aspects  are  considered,  the  first  dealing  with  optimizing 
of  turbulence  management  techniques  at  operating  conditions  and  the  latter  defining  the  technical  problems 
involved  by  application  of  turbulence  management  to  in-service  aircraft.  The  cooperative  activities  of 
Airbus  Industrie  and  its  partners  are  cited  as  an  example. 


NDMENOAIURE 

Cp  friction  drag  coefficient. 

lift  coefficient, 
e  LEBU  thickness 

h  LEBU  height,  riblet  height. 

M  Mach  number. 

Re  Reynolds  number. 

U  longitudinal  free  stream  velocity, 
s  riblet  spacing, 

x  streamwise  coordinate. 

5  boundary  layer  thickness. 

&2  momentum  thickness. 


INTHtXWCnGN 

Reduction  of  drag  is  one  of  the  major  preoccupations  of  transport  aircraft  manufacturers.  Estimations 
show  that  enormous  benefits  can  be  achieved  by  drag  reduction  technology  [1]  and  justify  the  fact  that  this 
topic  has  remained  an  active  field  of  research  for  several  decades.  Increased  cruise  speed,  increased 
range,  better  acceleration  and  maneuverability  are  further  advantages  in  favour  of  drag  reduction  techno¬ 
logy  that  make  it  an  important  feature  for  military  applications,  too,  whereby  other  points  have  then  to  be 
considered,  e.g.  radar  signature  and  off-design  performance. 

Aircraft  drag  is  usually  subdivided  into  drag  sources  with  different  origins.  A  typical  breakdown  of 
their  relative  contributions  to  the  total  drag  is  shown  in  Fig.  1  for  an  Airbus  type  transport  aircraft. 
The  various  drag  sources  are  the  friction  drag  due  to  the  viscous  skin  friction  over  the  surfaces,  the 
induced  drag,  the  pressure  drag  provoked  by  the  displacement  effect  of  the  boundary  layer  and  by  regions  of 
separation,  if  any,  the  drag  caused  by  interference  between  aerodynamic  components,  the  wave  drag  due  to 
shocks  and  the  parasitic  drag  due  to  all  the  remaining  drag  sources,  i.e.  surface  disturbances,  excrescen¬ 
ces,  leakages,  etc. 

The  breakdown  in  Fig.  1  indicates  that  more  than  half  of  the  total  drag  arises  from  viscous  drag,  which 
is  the  sum  of  friction  and  pressure  drag.  Another  35  percent  are  due  to  the  induced  drag,  all  the  other 
sources  together  representing  the  remaining  10  percent.  The  prospects  of  friction  drag  reduction  clearly 
appear  from  this  figure,  although  it  must  be  borne  in  mind  that  large  gains  with  small  contributors  are 
rften  more  easily  and  economically  obtained  than  small  enhancements  of  viscous  or  induced  drag,  resulting 
in  comparable  net  drag  reductions.  Nowadays,  however,  aerodynamic  research  and  progress  in  CFD  have  made  it 
possible  to  design  configurations  whith  substantial  reductions  of  induced,  wave  and  interference  drag. 
Since  the  energy  crisis  of  the  early  seventies,  attention  is  turned  to  viscous  drag  reduction  technology, 
and  in  particular  turbulent  friction  drag  reduction.  This  field  has  probably  advanced  most  rapidly  this 
last  decade,  mainly  due  to  the  large  research  programs  presently  under  development  in  the  US  (e.g.  ACEE 
program  of  NASA)  as  well  as  in  Europe. 
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PRESENT  STATE  OF  FRICTION  DRAG  REDUCTION  TECHNOLOGY 


Two  ways  may  be  followed  for  the  reduction  of  skin  friction  drag.  The  first,  wich  is  subject  to  conside¬ 
rable  activity  in  most  countries,  is  to  delay  transition  to  turbulent  flow  as  much  as  possible  in  order  to 
benefit  of  the  low  skin  friction  associated  with  laminar  boundary  layer  flows.  Natural  laminar  flow  (NLF) 
and  laminar  flow  control  ( LFC )  technologies  are  described  and  discussed  in  Refs.  [2]  to  [5].  Application  of 
NLF  is  however  restricted  to  the  aircraft  parts  characterized  by  lower  Reynolds  numbers  (wings,  tail  unit, 
canard,  nacelles,  etc.),  and  the  use  of  LFC  techniques  are  up  to  now  limited  to  local  applications  due  to 
their  complexity  ( HLFC :  hybrid  laminar  flow  control).  The  alteration  of  the  turbulence  structure  (6-10)  is 
the  second  approach  for  friction  drag  reduction,  and  applies  to  bodies  with  larger  Reynolds  numbers,  the 
fuselages  and  surface  parts  where  application  of  LFC  would  be  difficult  and  lead  only  to  small  benefits.  As 
fuselages  contribute  more  than  half  of  the  aircraft  friction  drag,  it  is  clear  that  the  development  of  new 
techniques  for  turbulent  friction  drag  reduction  is  of  prime  importance.  Furthermore,  acting  on  turbulent 
boundary  layers  of  existing  configurations  for  reducing  their  skin  friction  does  not  involve  new  design 
nor  complicated  techniques,  and  there  is  a  real  possibility  of  implementing  aircraft  already  in  operation 
with  turbulent  skin  friction  reducing  systems,  mostly  referred  to  as  "turbulence  management"  devices. 

Since  the  works  of  Kline  et  al.  (11)  and  Kim  et  al.  (12)  in  the  late  sixties  and  early  seventies,  the 
driving  mechanisms  of  turbulence  are  much  better  understood  and  techniques  for  turbulent  friction  drag 
reduction  have  been  developed  on  this  basis.  In  the  turbulent  boundary  layer,  two  main  regions  can  be 
distinguished:  the  very  narrow  inner  layer  close  to  the  wall  where  turbulence  production  takes  place  by  a 
phenomenon  called  "bursting",  and  the  larger  outer  layer  where  turbulent  energy  is  convected  outwards  and 
dissipated,  while  mixing  with  external,  energetic  flow  is  simultaneously  present  (entrainment).  The  outer 
layer  is  intermittently  laminar  and  turbulent,  but  the  flow  near  the  wall  is  always  turbulent.  Longitudinal 
counterrotating  vortices  are  present,  the  dimensions  of  which  being  variable  in  space  and  time,  but  with  a 
dimension  of  30  to  40  wall  units  and  an  average  transverse  spacing  of  about  100  wall  units.  The  low-speed 
streaks  separating  two  neighbouring  vortices  are  responsible  for  the  bursting  process,  identified  in  Ref. 
[12]  as  their  violent  ejection  from  the  wall.  The  portions  of  fluid  ejected  from  the  wall  are  growing  and 
stretching  out  into  the  outer  layer,  where  large  structures  are  combined  with  intermediate  scales,  the 
typical  or  Falco  vortices.  Additionally,  the  large  scales  provoke  massive  entrainment  of  external  non- 
turbulent  fluid  into  the  turbulent  boundary  layer.  Acting  on  the  turbulent  flow  can  thus  be  achieved  either 
by  modifying  one  of  the  parts  of  the  production  process,  by  hampering  the  communication  between  the  various 
scales,  or  by  techniques  combining  both  effects. 

A  number  of  innovative  and  sometimes  exotic  techniques  for  turbulent  drag  reduction  have  been  proposed 
on  the  basis  of  the  i've  schematic  of  turbulent  flow  structures.  This  paper  is  not  intending  to  discuss 
all  of  these  approach’'-,  reviewed  in  Refs.  [6]  to  (8).  It  should  be  noted  that  very  powerful  techniques  for 
liquid  flows,  e.g.  polymers  and  bubbles  layers,  do  not  apply  in  air  flows  and  that  only  few  approaches  seem 
to  be  feasible  in  external  air  flow  conditions.  At  present  time,  two  methods  have  been  emerging  (13),  [14], 
which  showed  promising  results  in  laboratory  conditions:  the  riblets  and  the  LEBU's  (Large  Eddy  Breakup 
devices).  In  favour  of  these  techniques  is  also  their  potential  of  application  in  practice. 

Riblets  are  longitudinal  grooves  in  the  surface  as  sketched  in  Fig.  2.  The  basic  idea  was  that  these 
grooves  should  "capture"  the  streaks  and  hamper  the  bursting  process,  but  Ualsh  [15-17]  first  measured  that 
optimum  drag  reduction  is  obtained  for  a  groove  spacing  s*=15  wall  units,  which  is  one  order  of  magnitude 
smaller  than  the  streak  spacing.  An  alternative  explanation  for  the  mechanism  of  skin  friction  reduction  by 
riblets  is  that  the  low  Reynolds  number,  viscous-dominated  flow  inside  the  grooves  provides  small  local 
skin  friction,  the  larger  velocity  at  the  top  being  associated  with  higher  wall  shear.  The  fact  that  rib¬ 
lets  with  sharp  tips  have  better  performance  than  other  shapes  confirm  to  some  extent  this  model.  Reduction 
of  turbulence  intensity  and  momentum  transfer  indicates  however  that  there  must  be  a  combination  of  these 
mechanisms.  There  is  a  need  to  further  investigate  how  riblets  operate,  and  theoretical  and  experimental 
work  is  going  on  in  this  field. 

Although  the  wetted  area  is  dramatically  increased  by  the  grooves,  numerous  experiments,  e.g.  [13-19], 
indicated  that  skin  friction  reduction  of  the  order  of  8  percent  can  be  obtained  with  riblets.  Fig.  3 
presents  a  survey  of  drag  measurements  performed  on  flat  plates  at  different  places  with  various  groove 
spacing  to  height  ratios  s/h.  The  riblet  performance  is  measured  by  the  ratio  of  the  net  drag  of  the  riblet 
surface  to  that  of  a  smooth  flat  plate,  and  shown  as  a  function  of  the  spacing  s*  in  wall  units.  Extensive 
testing  for  optimization  of  the  shape  and  scales  of  riblets  indicate  that  best  performance  in  laboratory 
conditions  is  achieved  with  symmetric  saw-tooth  shapes  and  groove  spacing  to  height  ratio  s/h  between  1  and 
2. 


It  is  interesting  to  note  that  the  skin  of  fast  sharks  exhibit  fine  ridges  in  the  streamwise  direction. 
Bechert  et  al .  [19],  [20]  made  a  detailed  study  of  shark  skins  and  measured  on  models  of  this  ridged  sur¬ 
face  friction  drag  reductions  comparable  with  those  obtained  with  riblets.  A  typical  survey  of  the  shape  of 
the  scales  on  the  Galapagos  shark  is  shown  in  Fig.  4.  Schematically,  there  are  three  surface  types:  the 
smooth  "paving  stones"  in  the  laminar  regions,  the  "anvil"  scales  in  the  middle  of  the  body  with  ridges  in 
the  downstream  direction  and  "hand"  type  scales  on  the  rear  body,  also  covered  with  ridges  but  not  rigidly 
attached  to  the  skin.  Experiments  with  three-dimensional  riblets  [21]  based  on  these  observations  provided 
friction  drag  reduction  of  the  same  order  as  with  conventional  riblets. 

The  popularity  of  riblets  is  also  due  to  the  fact  that  no  complicated  and  expensive  surface  machining  is 
needed  for  practical  applications.  Riblets  with  the  requested  dimensions  can  be  machined  in  thin  sheets  of 
adhesive  vinyl  and  directly  applied  to  the  surface,  with  the  further  advantage  of  simplified  maintenance. 
The  3M  Company  in  the  US  is  manufacturing  and  commercializing  such  vinyl  riblet  sheets,  and  several  other 
companies  are  developing  production  techniques  for  riblet  films  (e.g.  Hoechst  A.G. ) . 

The  second  effective  turbulence  management  approach  is  operating  in  the  outer  layer.  The  most  commonly 
used  denomination  of  LEBU  was  first  introduced  in  Ref.  [22].  These  devices  are  also  called  Ribbons  [23], 
BIADES  (Boundary  Layer  Alteration  DGvices)  [24],  OLD'S  (Outer  Layer  Devices)  [8],  turbulence  manipulators 
or  simply  manipulators  [14].  A  schematic  of  a  LEBU  device  is  presented  in  Fig.  5,  after  Ref.  [14],  These 
small  elements,  placed  in  the  outer  part  of  the  boundary  layer  parallel  to  the  flow,  were  first  supposed  to 


break  up  the  large  strictures  and  neutralize  the  vertical  velocity  fluctuations  [22].  rt  was  argued  that 
vortices  forming  at  the  blades  are  circulating  in  the  direction  opposite  to  the  large  structures  and  are 
suppressing  them.  A  second  model  [24)  is  to  see  the  elements  as  generators  of  new  turbulent  structures  in 
the  outer  layer,  which  prevent  exchanges  between  the  inner  and  the  outer  layer  and  reduce  the  ejections 
from  the  wall,  resulting  in  diminished  turbulence  production.  It  is  more  likely  that  a  combined  mechanism 
taxes  place  [25],  i.e.  the  large-scale  structures  are  cut  by  the  device,  which  also  introduces  new  struc¬ 
tures  in  its  wake,  the  interaction  between  the  perturbed  large  structures  and  the  wake  vortices  being 
responsible  for  reducing  skin  friction. 

A  net  drag  reduction  of  20  percent  over  75  S0  downstream  of  the  device  is  reported  in  Ref.  [24]  with  a 
tandem  arrangement  positioned  at  h/6^=0.8,  S0  being  the  boundary  layer  thickness  at  the  device  location. 
Note  tnat  a  net  drag  reduction  is  achieved  if  the  friction  drag  reduction  is  large  enough  to  offset  the 
drag  penalty  of  the  device.  Fig.  6  gives  the  evolution  of  the  momentum  thickness  downstream  of  the  manipu¬ 
lator  as  measured  by  Corke  et  al.  [24],  Tests  have  also  shown  that  the  effects  of  combined  riblets  and 
LEBU's  is  almost  additive  [1],  Unfortunately,  survey  of  results  obtained  with  LEBU's  [26]  show  very  large 
differences  in  measured  local  skin  friction  variations  and  of  device  performance,  mainly  due  to  differences 
in  geometry  and  position  of  the  elements  and  to  the  history  of  the  oncoming  turbulent  boundary  layer. 

The  drag  reduction  potential  of  LEBU's  has  been  demonstrated,  but  the  understanding  of  the  mechanism 
leading  to  friction  drag  reduction  must  be  enhanced  and  clear  statements  have  to  be  made  on  the  optimum 
configurations  for  aircraft  applications.  Last,  the  easier  handling  of  riblets  against  LEBU's  makes  the 
first  a  serious  challenger  for  the  title  of  "standard  turbulence  management  technique"  in  the  near  future. 
Nevertheless,  intensive  research  is  in  proaress  and  it  would  not  be  surprising  if  new  conclusions  have  to 
be  drawn  soon. 


DESIOJ  ASPECTS 

Whatever  the  turbulent  friction  drag  reduction  technique  considered,  interesting  enough  performances 
have  been  measured  to  start  with  further  investigations  directed  towards  practical  applications.  Experi¬ 
mental  and  theoretical  research  programs  aiming  at  better  understanding  and  optimal  parameter  settings  of 
both  riblets  and  LEBU's  are  still  going  on  in  the  US  and  in  Europe,  but  ambitious  turbulence  management 
application  programs,  based  on  the  current  knowledge  in  the  field,  are  already  conducted  in  parallel.  In 
this  context,  several  important  questions  have  to  be  answered  which  have  up  to  now  only  partly  or  not  at 
all  been  adressed.  Conversely,  it  is  likely  that  new  problems  will  emerge  during  the  application  process, 
implying  that  feedback  with  the  basic  research  programs  will  be  necessary  in  order  to  redefine  their  prio¬ 
rity  aspects. 

This  paper  intends  to  review  the  various  features  associated  with  application  of  turbulence  management 
to  flight  configurations.  Not  ail  the  points  discussed  here  are  of  equal  importance,  but  it  is  tried  to 
cover  the  whole  range  of  potential  applications  of  turbulent  friction  drag  reduction.  The  relative  signifi¬ 
cance  of  the  various  questions  can  differ  from  one  application  to  the  other,  e.g.,  the  problems  related 
with  commercial  aircraft  are  not  the  same  as  those  posed  by  hypersonic  vehicles.  Partial  answers  to  some  of 
the  questions,  obtained  in  previous  experiments,  are  also  given. 


Influence  on  pressure  drag. 

The  objective  of  turbulence  management  devices  is  the  reduction  of  the  viscous  drag  of  the  body  on  which 
they  are  installed.  As  the  manipulation  of  the  turbulent  boundary  layer  is  modifying  its  properties,  it 
must  be  verified  that  reduced  turbulent  skin  friction  does  not  lead  to  an  increase  of  pressure  drag.  This 
means  that  the  separation  behaviour  of  the  manipulated  boundary  layer  should  not  be  deteriorated.  Note  that 
the  two  basic  forms  of  three-dimensional  boundary  layer  separation  are  meant  here,  namely  squeeze-off  or 
flow-off  separation  [27].  Upstream  shift  of  the  separation  line,  increase  of  displacement  and  momentum 
thicknesses  must  net  be  so  large  that  the  skin  friction  drag  reduction  be  compensated  by  pressure  drag. 

Reduction  of  the  skin  friction  drag  alone  is  indeed  a  rather  easy  task  if  one  is  not  concerned  with  net 
drag  reduction.  Altering  the  flow  inside  the  boundary  layer  in  order  to  drive  it  towards  separation  can 
lead  to  a  dramatical  reduction  of  local  skin  friction,  at  the  price  of  an  enhancement  of  the  momentum 
losses  and  therefore  an  increased  pressure  drag.  In  extreme  cases,  the  pressure  drag  increase  can  become 
larger  than  the  skin  friction  reduction,  leading  to  net  drag  deficit. 

Van  den  Berg  [28]  has  published  a  theoretical  analysis  of  the  effect  of  adverse  pressure  gradient  on  the 
performance  of  LEBU's.  From  the  two-dimensional  integral  momentum  conservation  law,  the  momentum  thickness 
development  on  an  aerofoil  is  related  to  the  viscous  drag.  Considering  that  the  inner  layer  is  not  much 
affected  by  LEBU's,  the  law  of  the  'wall  is  assumed  to  hold,  and  the  skin-friction  laws  used  for  smooth 
turbulent  boundary  layers  are  applied.  Substituting  this  relation  into  the  integral  equation,  the  optimum 
shape  factor,  minimizing  the  momentum  thickness  gcowing,  can  be  expressed  as  a  function  of  the  pressure 
gradient  parameter.  The  corresponding  optimum  skin  friction  can  then  in  turn  be  calculated  and  show  that 
minimum  momentum  thickness  growth  means  minimum  skin  friction  for  zero  pressure  gradient,  but  non-vanishing 
Cf  for  adverse  pressure  gradients.  For  larger  adverse  pressure  gradients,  optimum  conditions  are  even 
obtained  for  skin  friction  values  larger  than  that  of  a  smooth  turbulent  boundary  layer,  indicating  that 
turbulence  generation  has  to  be  applied  to  minimize  the  total  drag.  Although  this  analysis  is  based  on 
simplifying  assumptions  and  needs  experimental  confirmation,  it  has  the  merit  of  pointing  out  the  close 
connection  between  friction  and  pressure  drag. 

As  far  as  riblets  are  concerned,  the  views  concerning  their  influence  on  pressure  drag  are  somewhat 
different.  Flight  measurements  of  Me  Lean  at  Boeing  [29]  did  not  demonstrate  a  significant  influence  of 
riblets  on  pressure  drag  in  adverse  pressure  gradient  flows.  In  Europe,  preliminary  windtunnel  experiments 
by  Quast  at  DFVLR  [30]  with  riblets  applied  on  the  rear  part  of  the  upper  side  of  a  sailplane  laminar 
airfoil  show  a  reduced  pressure  drag.  Lastly,  theoretical  investigations  by  Monnoyer  at  MBB  do  not  provide 
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a  cleat  answer,  but  seem  to  in  *  cate  that  nblets  ate  causing  a  thinner  boundary  layer  to  develop  on  the 
surface  as  on  a  smooth  wall,  and  consequently  reduce  the  displacement  effect.  Experimental  studies  focusing 
on  the  influence  of  r tblets  on  pressure  drag  ate  presently  going  on  at  ONERA,  RAE  and  MBB. 


Influence  of  pressure  gradient. 

the  effect  of  pressure  gradients  on  turbulence  management  devices  is  the  counterpart  of  the  above 
discussion.  Most  of  the  experiments  having  been  performed  in  zero  pressure  gradient  flows,  it  is  mandatory 
to  investigate  how  decelerating  and  accelerating  flow  conditions  are  affecting  the  driving  mechanisms  of 
turbulence  management  devices.  The  question  of  inverse  prediction  has  also  to  be  adressed,  enabling  to 
define  what  kind  and  how  much  boundary  layer  manipulation  has  to  be  applied  for  providing  prescribed  flow 
character  ist  i  's. 


D 1  reef  1 ona 1  sens i 1 1  v r  ty . 

The  efficiency  of  turbulence  management  devices  such  as  ciblets  is  related  to  their  aligneraent  with  the 
local  flow  direction.  This  condition  is  automatically  fulfilled  in  two  dimensional  experiments,  but  the 
important  question  arises  of  the  directional  sensitivity  of  turbulence  management  devices  in  fully  three- 
dimensional  flows,  whe..e  locally  strong  deviations  of  the  near-wall  viscous  flow  from  the  free  stream  flow 

direction  can  be  present. 

This  is  illustrated  in  Fig.  7,  where  the  computed  skin-friction  line  pattern  on  an  Airbus  A  320  fuselage 
are  presented  fir  cruise  conditions.  The  calculation  has  been  performed  by  the  MBB  Transport  Aircraft  Group 
on  the  basis  of  the  complete  aircraft  inviscid  flow  solution  provided  by  a  panel  method.  The  computation  of 
the  three-dimensional  boundary  layer  was  realized  on  the  fuselage,  the  inner  wing  and  the  wing-body 
fairing.  The  flow  is  nearly  aligned  with  the  free  stream  on  the  forward  part  of  the  body,  but  stronger 
crossflow  is  observed  on  the  rear  half  of  the  fuselage,  induced  by  wing-body  interference.  In  this  region 
of  established  turbulent  flow  with  substantial  skin  friction  values,  effective  boundary  layer  manipulation 
is  to  be  employed  tot  achieving  valuable  net  drag  reduction,  implying  that  turbulence  management  has  to  be 
carefully  applied  by  taking  the  local  flow  direction  into  account.  This  situation  is  even  more  critical  in 
landing  and  take-off  configurations,  and  may  lead  to  very  large  regions  where  turbulence  management  is 
unapplicable  if  device  misalignement  is  associated  with  net  drag  penalty. 

Tests  indicate  that  riblet  drag  reduction  is  relatively  insensitive  to  yaw  angles  up  to  about  15°.  Fig. 
8  presents  data  of  Bechert  131]  for  vinyl  riblet  sheets  mounted  on  a  flat  plate  submitted  to  three  diffe¬ 
rent  cross  flow  angles,  <t>=0°,  15°  and  25°.  The  results  show  similar  drag  reduction  performance  at  ♦=0°  and 
15°,  and  a  completely  different  behaviour  of  the  drag  reduction  with  increasing  s*  for  the  largest  cross 
flow  angle,  with  a  drag  penalty  for  sf>13.  These  results  confirm  earlier  tests  presented  in  Ref.  (15). 


influence  of  three-dimensionality. 

Three-dimensional  boundary  layers  have  not  only  to  be  considered  from  the  directional  standpoint.  Typi¬ 
cal  features  of  three-dimensional  flows,  such  as  transverse  pressure  gradients  and  subsequent  crossflow 
profiles,  are  also  expected  to  affect  the  structure  of  turbulence  and  consequently  the  operating  mode  of 
turbulence  management  devices.  Additionally,  the  influence  of  transition  from  laminar  to  turbulent  flow  on 
the  downstream  developing  turbulent  boundary  layer  has  also  to  be  investigated  in  the  frame  of  three-dimen¬ 
sional  turbulence  management,  as  well  as  history  effects  in  general  and  turbulence  aniso'  l  topics 
about  which  only  few  is  known. 


Influence  of  surface  curvature. 

Surface  curvature  is  one  of  the  so-called  second-order  boundary  layer  effects  [32].  It  affects  the 
boundary  layer  through  the  presence  of  a  non  vanishing  pressure  gradient  in  the  direction  normal  to  the 
wall.  In  addition,  concave  surface  curvature  is  the  source  of  longitudinal  counterrotating  vortices  induced 
by  centrifugal  destabilizing  forces  in  the  laminar  boundary  layer.  This  phenomenon  is  commonly  referred  to 
as  the  Gdrtlet  or  the  Taylor-Gortler  instability.  The  corresponding  Gortler  vortices  are  also  observed  in 
turbulent  boundary  layer  flow,  leading  to  increasing  near-wall  turbulence  intensities  on  concave  surfaces, 
while  convex  curvature  reduces  turbulence  intensities  and  skin  friction. 

For  practical  applications,  it  is  of  primary  importance  to  investigate  the  reciprocal  effects  of  surface 
curvature  and  turbulence  management.  In  this  context,  the  following  questions  have  to  be  answered: 

-  Does  surface  curvature  influence  the  structure  of  the  turbulent  boundary  layer  in  such  a  way  that  turbu¬ 
lence  manipulators  be  unfavourably  influenced? 

-  Does  concave  curvature  enhance  turbulence  management  performance  and  convex  surface  curvature  have  a 
neutral  effect,  as  might  be  speculated  from  general  considerations? 

-  How  is  the  variation  in  the  effect  of  a  given  turbulence  management  device  with  increasing  concave  or 
convex  curvature? 

At  our  knowledge,  no  specific  tests  have  been  performed  in  this  field.  As  a  starting  point  of  a  series 
of  detailed  experiments,  however,  Coustols  et  al.  (18]  have  conducted  a  preliminary  investigation  of  the 
drag  reduction  on  an  Airbus  type  fuselage  with  adhesive  riblet  sheets  (s-2h=0.12  mm).  The  windtunnel  expe¬ 
riments  made  at  relatively  low  Reynolds  number  (Re-  2.8x10'’  to  8xl06  based  on  the  fuselage  length)  indicate 
that  riblet  net  drag  performance  expressed  as  function  of  the  groove  height  in  wall  units  h‘  is  similar  to 
that  obtained  or:  flat  plates.  Relatively  lower  measured  net  drag  reduction  up  to  3.5  percent  is  estimated 
as  pessismistic  by  the  authors  because  of  unrealistic  approximations  in  the  tested  configuration.  These 
tests  cannot  be  considered  to  specifically  study  the  effect  of  surface  curvature  on  riblets  because  of  the 


nearly  ax i symmetric  flow  on  the  fuselage  alone,  but  further  experiments  are  planned  with  test  conditions 
involving  larger  surface  curvature  influence. 


Reynolds  number  sensitivity. 

Reynolds  number  based  on  local  conditions  is  an  determinating  parameter  for  boundary  layer  flow.  It 
changes  with  flight  altitude  and  speed,  and  becomes  larger  with  growing  boundary  layer.  As  it  largely 
influences  the  structure  of  the  turbulent  viscous  flow,  the  local  Reynolds  number  can  be  expected  to  have  a 
direct  influence  on  the  efficiency  of  turbulence  management  devices. 

In  the  case  of  riblets,  the  drag  reduction  performance  scales  with  groove  height  h  and  spacing  s 
expressed  in  wall  units,  h'  and  s*  .  The  experimental  data  on  the  flat  plate  presentented  in  Fig.  3  show 
that  optimum  net  drag  reduction  is  obtained  for  s+=10-15,  but  a  positive  effect  is  measured  for  s'' <25.  This 
should  be  sufficient  to  cover  a  large  range  of  operational  Reynolds  numbers  in  aircraft  applications.  In 
Fig.  9,  the  evolution  of  the  spacing  s*  for  a  given  riblet  shape  s=h=0.063  mm  on  an  Airbus  A  320  fuselage 
in  the  same  flight  conditions  as  in  Fig.  7  are  presented.  The  riblet  spacing  s*  -  which  is  defined  diffe¬ 
rently  as  in  Fig.  3  for  compressible  flow  -  predicted  by  the  boundary  layer  solution  is  that  of  the  clean 
configuration,  without  riblets.  Nevertheless,  the  curves  of  Fig.  9  indicate  that  the  Reynolds  number  influ¬ 
ence  is  rather  weak  and  that  the  riblet  spacing  in  wall  units  stays  within  a  range  s_'=10  and  15  over  more 
than  80  percent  of  the  fuselage  length,  suggesting  that  optimum  riblet  performance  can  be  expected  over 
most  of  the  surface  with  a  constant  riblet  spacing. 

These  data  can  also  be  used  for  optimizing  the  riblet  size,  but  it  should  be  pointed  out  that  extrapo¬ 
lation  of  laboratory  experiments  to  flight  conditions  can  be  hazardous.  Squire  and  Savill  (33)  experimented 
the  effect  of  riblets  on  a  flat  plate  at  high  subsonic  speeds  (M»=0.5  and  M»=0.88,  Re/L=  4.9xl07  nr1  and 
7.2xl07  nr1  respectively)  and  arrived  at  the  surprising  conclusion  that  optimum  riblet  scaling  increases 
with  Re  and  M  in  contradiction  with  results  obtained  over  lower  ranges  of  Res  2 .  On  the  other  hand,  recent 
very  accurate  experiments  performed  in  the  ONERA  SI  windtunnel  by  Thibert  and  Schmitt  [34]  on  an  Airbus 
A  320  fuselage-wing  model  of  scale  1:11  with  riblets  on  66  percent  of  the  surface  showed  comparable  viscous 
drag  reduction  performance  in  cruise  conditions  as  obtained  from  small  scale  incompressible  laboratory 
experiments.  Further  tests  and  optimization  at  flight  conditions  are  still  required  for  confirmation  of 
these  results. 

LEBU's  have  been  tested  in  flight  by  Bertelrud  [35],  [36]  on  the  wing  of  a  Saab  32  Lansen  aircraft. 
Measurement  of  local  skin  friction  in  the  range  M_=0.25  to  0.95  and  chord  Reynolds  numbers  Re=8xl06  to 
30xl06  show  Cf  reductions  comparable  with  laboratory  experiments.  Additionally,  it  was  concluded  from  these 
experiments  that  manipulators  performance  was  not  significantly  affected  by  the  moderate  pressure  gradi¬ 
ents,  compressibility  and  three-dimensionality  effects  of  typical  aircraft  wings. 


Mach  number  sensitivity. 

The  field  of  possible  applications  of  turbulence  management  is  ranging  up  to  the  hypersonic  regime. 
Following  the  Morkovin  hypothesis,  density  fluctuations  are  negligible  for  Mach  numbers  lower  than  M=3.  The 
question  then  remains  to  know  if  the  effect  of  a  given  turbulence  management  technique  is  influenced  by  the 
local  Mach  number  at  the  edge  of  the  turbulent  boundary  layer  in  highly  compressible  flows. 

A  preliminary  investigation  into  the  effects  of  riblets  on  4  supersonic  turbulent  boundary  layer  has 
been  recently  carried  out  by  Robinson  at  NASA  Ames  [37],  The  experiment  was  performed  in  the  Ames  High 
Reynolds  Number  wind  tunnel  at  a  free-stream  Mach  number  of  2.97  on  an  equilibrium  turbulent  boundary  layer 
developing  on  a  cylindrical  centerbody.  Adhesive  backed  vinyl  riblets  sheets  (h=s=0.15mm)  were  used.  Hot¬ 
wire  and  pitot  surveys  of  the  boundary  layer  suggest  that  effects  of  riblets  in  the  supersonic  regime  are 
qualitatively  similar  to  those  observed  in  the  low  speed  regime.  Results  show  that  streamwise  turbulence 
intensity  in  the  log  and  buffer  regions  of  the  supersonic  boundary  layer  is  reduced  significantly  by  the 
riblets,  which  reduce  the  near-wall  turbulence  intensity  without  altering  the  basic  structure  of  turbulence 
generation.  From  these  preliminary  results,  it  cam  therefore  be  expected  that  riblets  do  provide  skin  fric¬ 
tion  drag  reduction  for  compressible  supersonic  flows. 

Another  Mach  number  effect  has  also  been  observed  in  the  case  of  LEBU's.  For  flight  applications,  thin 
flat  plates  cannot  be  used  because  of  mechanical  vibrations  and  thicker,  profiled  shapes  have  to  be  chosen 
that  provide  sufficient  stiffness.  Bonnet  et  al.  [38]  have  studied  in  detail  the  behaviour  of  a  LEBU  with  a 
NACA  0009  profile  shape  placed  inside  a  turbulent  boundary  layer  developing  on  a  flat  plate,  at  free  stream 
Mach  numbers  between  0.7  and  0.8.  They  observed  that  very  strong  Mach  numbers  effects  are  present  for 
conditions  close  to  the  device  critical  Mach  number,  leading  to  large  modifications  of  the  device  drag  and 
lift  coefficients. 


Aerothermal  effects. 

Thermal  loads  (wall  temperature  and  wall  heat  flux)  are  increasing  with  Mach  number.  In  a  steady  case, 
an  equilibrium  temperature  at  each  point  on  the  surface  is  determined  by  the  convective/diffusive  heat  flux 
through  the  boundary  layer,  by  the  wall  heat  flux  and  from  heat  transport  by  radiation.  The  state  of  the 
boundary  layer,  laminar  or  turbulent,  surface  roughness  and  real  gas  effects  are  also  intervening  in  the 
thermal  loads. 

The  presence  of  turbulence  management  devices  must  also  be  taken  into  account  for  the  evaluation  of  the 
thermal  loads.  The  important  points  to  be  investigated  are: 

-  How  does  a  local  thermal  state  influence  the  driving  mechanism  of  a  given  turbulence  management  device? 

-  To  what  extent  do  the  various  mechanisms  affect  turbulence  management? 


The  inverse  problem,  that  is,  the  influence  of  turbulence  management  on  thermal  loads,  surface  reactions 
(catalytic  wall),  etc.,  has  also  to  be  adressed  in  high  Mach  numbers  flows.  It  is  needed  to  examine  if  and 
to  what  extent  turbulence  management  devices  can  modify  the  aerothermodynamic  characteristics  of  surfaces. 
Riblets,  for  instance,  could  increase  the  wall  heat  transfer  through  the  considerable  increase  of  the 
wetted  area,  and  on  the  other  hand  reduce  the  wall  heat  flux  because  of  the  reduced  turbulence  intensity  in 
the  inner  layer. 


OPERATIONAL  ASPECTS 

There  are  a  number  of  potential  problems  connected  with  the  application  of  turbulence  management  methods 
on  an  in-service  aircraft.  The  major  operational  aspects,  either  emerged  or  expected  from  the  application 
of  riblet  profiles,  will  be  shortly  discussed  in  this  chapter,  see  also  Ref.  (39].  As  LEBU's  are  not  plan¬ 
ned  to  be  applied  in  practice  in  the  very  near  future,  operational  problems  related  with  these  devices  are 
not  considered  here. 


Safety  analysis  assessment. 

The  safety  analysis  has  to  consider  extreme  flight  situations  that  are  likely  to  occur  because  of  the 
applied  riblet  film.  The  safety  aspects  include  e.g.  the  degradation  of  aerodynamic  aircraft  characte¬ 
ristics  caused  by  a  change  of  the  riblet  surface  flow  conditions  in  the  case  of  heavy  rain  (decrease  of 
maximum  lift)  or  by  local  riblet  film  separation  from  the  airframe  surface.  Safety  analysis  has  to  assess 
the  impact  of  such  situations  on  the  aircraft  behaviour. 


Contamination  of  riblet  surface. 

The  spacing  of  riblet  grooves  for  a  transport  aircraft  -  typically  between  s=0.05  and  0.075  mm  (0.002 
and  0.003")  -  is  of  microscopic  size.  During  operation  the  riblets  are  exposed  to  environmental  contami¬ 
nation  like  dust,  rain  and  icing,  to  insects,  to  de-icing  fluid  at  the  wings,  and  to  hydraulic  fluids, 
especially  at  the  lower  fuselage  downstream  of  the  landing  gear  and  around  servicing  ports.  In  respect  of 
this,  one  of  the  key  questions  is  the  cleaning  of  the  riblet  material. 


Erosion  and  aging  of  riblet  profile  material. 

The  riblet  effectiveness  depends  largely  on  the  sharpness  of  the  riblet  edges.  During  operation  the 
riblet  material  is  exposed  to  mechanical  forces  like  rain,  hail,  insect  and  particle  impacts,  as  well  as 
even  to  lightning.  The  mechanical  forces  cause  erosion  of  the  riblet  profiles  mainly  at  the  wing  and  tail 
leading  edges. 

The  aging  process  of  the  riblet  film  is  accelerated  by  environmental  effects  like  temperature  variations 
from  +80°  to  -50°C,  ultraviolet  sunlight  and  chemical  pollution  of  the  atmosphere  (e.g.  acid  rain).  Both 
erosion  and  aging  degrade  the  individual  riblet  profiles  and  may  lead  to  brittleness,  shrinking  and 
cracking  of  the  plastic  riblet  film. 

The  designed  riblet  life  time  is  about  5  years.  The  variation  of  riblet  effectiveness  as  a  function  of 
the  above  cited  environmental  influences  has  to  be  investigated  by  simulations  in  laboratory  and  by  flight 
testing. 


Adhesive  aging  and  airframe  surface  corrosion. 

State  of  the  art  riblets  are  applied  as  an  adhesive  plastic  film  on  the  airframe  surface.  During  opera¬ 
tion  the  adhesive  plastic  layer  is  exposed  to  similar  environmental  constraints  as  the  riblet  film  itself. 
In  particular,  large  temperature  variations,  dampness,  chemical  pollution  and  hydraulic  fluids  may  provoke 
an  aging  process  of  the  adhesive  layer.  Additionally,  the  riblet  film  may  cause  corrosion  if  applied 
directly  on  the  airframe  aluminium  skin. 

For  this  purpose,  the  application  of  proper  adhesives  is  very  important.  To  avoid  any  loss  of  adhesion 
and  any  corrosion  of  the  airframe  skin  during  the  designed  riblet  life  time,  laboratory  and  flight  testing 
is  necessary  to  examine  the  environmental  effects  on  the  adhesive  aging  and  the  airframe  surface  corrosion. 


Air  leakage  at  riblet  film  covered  surfaces. 

Air  leakage  mainly  from  pressurized  fuselages  may  cause  small  air  bubbles  to  be  present  under  the  riblet 
film.  Therefore,  state  of  the  art  riblet  material  is  laser-perforated  in  order  to  allow  leaking  air  to 
escape  from  the  film.  A  hole  diameter  d«0.25  mm  and  a  hole  spacing  s»6.4  mm  has  been  found  by  3M  Company  to 
be  effective  without  deteriorating  the  riblet  efficiency. 


Maintenance  problems. 

The  application  of  riblet  films  may  lake  the  aircraft  maintenance  more  difficult  due  to  the  sensitivity 
of  the  riblet  profiles.  It  has  especially  to  be  guaranteed  that  during  maintenance  e.g.  mechanical  damages 
on  the  sharp  riblet  edges  and  spilling  of  hydraulic  fluids  around  servicing  ports  is  avoided.  Moreover,  the 
choice  of  the  parts  of  the  airframe  surface  which  can  be  covered  with  riblet  films  is  largely  influenced  by 
the  accessibility  requirements  for  aircraft  maintenance. 
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In  some  cases,  coloured  riblet  film  may  be  applied  as  a  substitute  for  paint,  because  there  are  only 
marginal  differences  in  the  application  costs  between  conventional  paint  and  friction  drag  reducing  riblet 
film.  But  in  this  case,  there  are  additional  operational  aspects  to  be  considered.  Coloured  flexible 
plastic  film  prevents  visual  inspection  of  the  airframe  surface  and  requires  different  methods  of  damage 
recognition. 

Finally,  riblet  material  application  and  removal  requires  special  procedures.  The  most  crucial  condition 
in  this  respect  is  the  alignment  of  the  riblet  grooves  with  the  local  skin  friction  line  direction,  consti¬ 
tuting  a  difficult  task  for  the  technical  staff. 


deeming  requirements . 

Because  of  the  contamination  of  the  riblet  surface  during  operation,  one  of  the  key  questions  is  if  an 
effective  cleaning  of  the  riblet  material  is  possible  and  in  the  affirmative,  what  procedure  has  to  be 
applied.  The  cleaning  procedure  may  not  deteriorate  the  mechanical  nor  the  chemical  properties  of  the 
riblet  film.  Since  this  film  consists  of  individual  plastic  sheets  glued  on  the  airframe  surface,  appli¬ 
cation  of  mechanical  cleaning  is  limited  in  order  to  avoid  peeling  of  the  film  at  sheet  seams  or  edges. 
Investigations  of  these  problems  are  necessary  for  the  development  of  cleaning  requirements. 


In-service  testing  of  riblet  samples. 

In  order  to  quantify  operational  aspects  connected  with  application  of  riblet  profiles  on  an 
aircraft  in  service,  long  term  laboratory  and  flight  testing  is  required.  For  this  purpose,  Airbus  Indus¬ 
trie  -  Technology  Working  Group  (AI-TW3)  01  "Viscous  Drag  Reduction"  has  initiated  a  long  term  flight 
testing  program  of  riblet  film  samples  on  an  in-service  airliner.  Together  with  Lufthansa  and  3M  Company, 
the  manufacturer  of  the  riblet  film,  an  18  month  test  program  of  riblet  specimen  on  an  in-service  Lufthansa 
A  300-600  has  been  started  in  July  1986.  The  test  installation  includes  12  riblet  specimen  with  a  groove 
spacing  s=0.05  mm  at  different  locations  on  the  aircraft  selected  in  order  to  expose  the  riblet  samples  to 
different  environmental  conditions,  see  Fig.  10.  Each  riblet  specimen  consists  of  6  individual  strips  which 
will  be  removed  from  the  aircraft  at  3  month  intervals  for  detailed  laboratory  investigations. 


CONCLUDING  REMARKS 

In  this  paper,  design  and  operational  aspects  of  turbulence  management  application  for  aircraft  friction 
drag  reduction  have  been  presented.  The  friction  drag  reduction  potential  of  two  techniques,  the  riblets 
and  the  LEBU's,  has  appeared  to  be  so  promising  in  the  first  laboratory  evaluations  that  in-flight  appli¬ 
cations  are  intended  in  the  very  near  future.  In  this  frame,  several  questions  arising  from  practical 
considerations  have  to  be  answered. 

Riblets  with  the  requested  dimensions  are  available  in  thin  sheets  of  adhesive-backed  vinyl  that  can  be 
directly  applied  on  the  airframe  surface  with  no  major  difficulty,  Vindtunnel  tests  on  flat  plates  vith 
riblets  have  shown  that  friction  drag  reduction  performance  of  about  8  percent  can  be  obtained.  However, 
the  influence  of  the  riblets  on  pressure  drag  is  still  an  open  question,  though  preliminary  investigations 
tend  to  show  that  no  signigicant  pressure  drag  penalty  has  to  be  expected.  Because  of  directional  sensiti¬ 
vity  ( ♦=  ± 15 0 ) ,  the  alignment  of  the  riblet  grooves  with  the  local  wall  streamline  direction  is  a  practical 
problem  to  be  solved.  The  local  Reynolds  number  effect  is  rather  weak  and  can  be  estimated.  The  Mach  number 
sensitivity  in  transonic  regime  seems  to  be  low,  but  has  not  been  studied  in  detail  yet.  Operational 
aspects  of  riblet  application  related  to  environmental  effects  and  maintenance  requirements  still  need  to 
be  investigated.  It  is  likely  that  additional  problems  will  emerge  when  applying  the  riblet  technique  to 
practical  configurations,  but  turbulence  management  with  riblets  nevertheless  seems  to  be  a  short  term 
technology. 

Vith  the  aim  of  introducing  riblets  into  airline  service  in  the  early  nineties,  a  joint  program  of 
Airbus  Industrie  and  its  partners  has  been  started  to  investigate  the  design  and  operational  aspects  of 
riblet  application  on  two  planes  of  the  Airbus  family.  Fig.  11  shows  the  proposed  activity  plan  of  the 
AI-TVG  01  research  program  (40].  The  cooperative  activities  include  local  and  global  riblet  performance 
flight  measurements  on  an  Airbus  A  320  in  1989,  and  the  already  mentioned  long  term  flight  testing  of  the 
operational  characteristics  of  riblet  samples  applied  on  an  in-service  Lufthansa  A  300-600,  started  in  July 
1988.  This  research  program  also  includes  vindtunnel  testing  performed  by  the  partner  companies  together 
with  the  national  research  institutes.  These  tests,  together  with  basic  research  on  the  driving  mechanism 
of  friction  drag  reduction  by  riblets  will  serve  as  a  guideline  for  the  planned  flight  tests. 

On  the  other  hand,  LEBU  technology  is  at  an  earlier  stage.  Large  friction  drag  reduction  performance  has 
been  measured  on  flat  plates,  but  discrepancies  between  the  numerous  available  experimental  results  indi¬ 
cate  that  further  extensive  research  on  both  the  mechanism  of  skin  friction  reduction  by  LEBU's  and  the 
characteristic  parameters  is  necessary  in  order  to  define  the  optimal  arrangement.  Furthermore,  difficul¬ 
ties  associated  with  operational  aspects  have  to  be  solved.  For  these  reasons,  turbulence  management  by 
LEBU's  seems  to  be  a  longer  term  technology  as  riblet  application. 
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Fig.  1  -  Drag  breakdown  of  a  commercial 
aircraft  (A  310). 


Fig.  4  -  Structure  of  the  skin  of  the 
Galapagos  shark  [20]. 


Fig.  5  -  Large  Eddy  Breakup  device  [14J. 
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Fig.  6  -  Momentum  thickness  development 
behind  a  tandem  LEBU  arrange¬ 
ment  [24]. 


Fig.  3  -  Friction  drag  reduction  by 
riblets  on  the  flat  plate. 
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Fig.  10  -  In-service  testing  of  riblet  samples  on  Lufthansa  A  300-600 
(AI-TtfG  01  Activity  Plan  -  Operational  Aspects). 
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TRAI LING-EDGE  SWEEP  AND  THREE-DIMENSIONAL  VORTEX  INTERACTIONS 
IN  JETS  AND  MIXING  LAYERS* 


V.  Kibens,  R.  W.  Wlezien,  F.  W.  Roos,  J.  T.  Kegelraan 
McDonnell  Douglas  Research  Laboratories  (MDRL) 

P.  0.  Box  516,  St.  Louis,  Missouri  63166 


SUMMARY 

Three-dimensional  vortex  interactions  were  investigated  in  jets  with  slanted, 
indeterminate-origin  exit  nozzles,  and  in  mixing  layers  behind  a  splitter  plate  with  a 
swept  trailing  edge.  Flow-visualization  images  were  quantitatively  processed  to  charac¬ 
terize  complex  three-dimensional  vortex  interactions  in  non-axisymmetric  jets.  Phase- 
conditioned,  pulsed  laser-sheet  illumination  was  used  to  obtain  a  series  of  sectional 
images  while  rotating  the  asymmetric  nozzle.  The  sectional  images  were  recombined  into 
an  unwrapped  representation  of  the  developing  vortex  systems  in  the  shear  layer.  Partial 
pairing  of  sections  of  adjacent  vortex  systems  was  shown  to  be  responsible  for  asymmetric 
shear-layer  growth.  Flow  visualization  in  the  flow  behind  the  swept  trailing  edge  showed 
that  two  families  of  instability  waves  can  develop  with  different  orientations  with 
respect  to  the  trailing-edge  angle.  Excitation  was  shown  to  enhance  waves  with  orienta¬ 
tion  parallel  to  the  trailing  edge  or  perpendicular  to  the  mean  flow  direction,  depending 
on  excitation  frequency.  The  wavelengths  of  the  two  wave  families  were  identical,  and 
the  streamwise  spacing  depended  on  the  sweep  angle. 


•Work  performed  with  support  from  the  U.S.  Air  Force  Office  of  Scientific  Research, 
Contract  No.  F49620-86-C-0090  DEF. 


1 .  INTRODUCTION 

Efficient  techniques  of  turbulence  control  applied  to  unsteady  flowfield  phenomena 
are  needed  to  optimize  operation  of  aerodynamic  and  propulsion  systems.  Manipulation  of 
three-dimensional  vortex  flowfields  is  central  to  such  techniques.  The  work  reported 
herein  approaches  the  investigation  of  three-dimensional  vortex  systems  in  two  stages. 
The  first  stage  involves  the  use  of  high-resolution,  high-data-rate  instrumentation  and 
data  processing  to  extricate  details  of  three-dimensional  coherent  motion  from  the  back¬ 
ground  of  random  turbulence  and  to  describe  the  interaction  of  the  vortex  systems  that 
comprise  that  motion.  This  stage  is  being  performed  in  indeterminate-origin  nozzle 
flows.  The  second  stage  consists  of  the  investigation  of  simple  shear-layer  vortex 
systems  that  retain  elementary  features  of  three-dimensionality,  and  is  being  performed 
in  a  two-dimensional  shear  layer  behind  a  plate  with  a  swept  trailing  edge. 

2.  DESCRIPTION  OF  VORTEX  INTERACTIONS 


2.1  Background 

Development  of  plumes  from  initially  nonaxisymmetric  nozzles  was  investigated  at 
MDRL  in  previous  work  (References  1  and  2).  In  unexcited  jets,  the  shear-layer 
instability-wave  system  was  shown  to  undergo  complex  three-dimensional  interactions  which 
produce  strong  asymmetry  in  shear-layer  spreading  rates,  and  an  overall  net  increase  in 
jet  spreading.  Acoustic  excitation  was  shown  to  produce  an  even  wider  range  of  shear- 
layer  responses,  as  well  as  stronger  asymmetry.  The  excited  nonaxisymmetric  jets  have 
highly  three-dimensional  but  strictly  repetitive  vortex  systems,  which  are  typified  in 
Figure  1.  In  this  case,  the  nozzle  exit  is  inclined  and  the  jet  is  acoustically  excited 
at  a  subharmonic  of  the  shear-layer  instability  frequency. 

The  schlieren  visualization  photograph  of  Figure  1  was  taken  using  helium  as  tracer; 
the  photo  illustrates  the  highly  repetitive  shear-layer  structure  and  indicates  the  exis¬ 
tence  of  strong  asymmetry  in  the  vortex-merging  process.  It  is  not  possible  to  determine 
the  details  of  the  interaction  mechanism  from  this  image,  however,  because  the  schlieren 
process  integrates  the  refraction  of  a  light  beam  traversing  the  entire  flowfield.  A 
quasi-quantitative  technique  was  needed  for  characterizing  the  three-dimensional  struc¬ 
ture  of  vortex  systems  in  these  jets. 

Techniques  such  as  computed  tomography  were  considered  for  processing  the  schlieren 
images.  The  requirements  of  low-noise  images  and  multiple  viewing  angles  make  the  imple¬ 
mentation  of  tomography  impractical.  Scanning-laser-sheet  techniques  (Reference  3)  have 
been  successfully  used  in  low-speed  flows,  but  laser  pulse  rates  and  image-recording 
rates  are  much  too  slow  to  be  used  in  30  m/s  jets.  The  periodicity  of  an  acoustically 
excited  plume  permits  phase  averaging  with  standard  video  and  laser  technology.  Image 
processing  was  used  to  convert  the  laser-sheet  images  into  a  multidimensional  description 
of  the  jet  instability-wave  system.  A  detailed  set  of  laser  Doppler  velocimeter  (LDV) 
data  was  also  used  to  validate  the  flow-visualization  technique. 
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Fig.  1 


Complex  shear-layer  development  in 
acoustically  excited  jet  from  inclined  nozzle; 
Uj  =  30  m/s;  compound  excitation  at  1 100  and 
550  Hz. 


2.2  Approach 

The  nonaxisymmetric-nozzle  configuration  used  in  this  investigation  is  based  on  the 
indeterminate-origin  nozzles  described  in  Reference  1.  A  constant-diameter  (d  =  25.4  mm) 
extension  was  mounted  at  the  exit  of  a  contraction  section.  The  tube  was  nominally  2.5  d 
in  length,  with  an  inclined  exit  of  length  d/2.  Maintaining  the  convention  adopted  in 
References  1  and  2,  we  define  the  origin  of  the  cylindrical  coordinate  system  relative  to 
the  average  axial  location  of  the  nozzle  lip,  with  the  reference  azimuth  angle  i/j  =  0  cor¬ 
responding  to  the  point  on  the  nozzle  extending  farthest  downstream. 

The  nozzle  was  mounted  on  the  flow  system  by  use  of  an  indexing  adaptor  that  allowed 
the  nozzle  to  be  rotated  to  an  arbitrary  azimuth  relative  to  the  stationary  laser  sheet. 
The  flow  system  consists  of  a  muffler,  a  low-angle  conical  diffuser,  a  settling  chamber 
with  honeycomb  and  screens,  and  tandem  contraction  sections  with  contraction  ratios  of 
23:1  and  6.25:1.  An  electronically  controlled  blower  provides  a  stable,  quiet  flow 
source.  With  appropriate  measures  taken  to  minimize  blade-passing  and  system  resonance 
frequencies,  the  irrotational  low-frequency  surging  at  the  nozzle  exit  plane  is  less  than 
0.15%  at  an  exit  velocity  of  30  m/s.  The  centerline  turbulence  intensity,  as  determined 
by  two-sensor  correlations,  is  0.03%. 

The  shear  layer  was  made  visible  by  injecting  atomized  seed  material  into  the  bound¬ 
ary  layer  immediately  upstream  of  the  final  contraction.  A  laser  velocimetry  seeding 
system  was  used  to  disperse  l-/zm-diameter  droplets  of  polyethylene  glycol.  A  circular 
slit  was  used  to  inject  the  tracer  nearly  parallel  to  the  mean  flow  with  minimal  distur¬ 
bance  to  the  jet.  Four  tubes  around  the  periphery  of  the  injection  plenum  were  used  to 
supply  the  tracer. 

A  10-W  pulsed  copper-vapor  laser  system  was  used  to  selectively  illuminate  planes 
within  the  jet  flowfield.  The  optical  configuration  included  a  cylindrical  lens  to 
diverge  the  beam  in  the  vertical  direction,  and  a  1.6-m  focal  length  parabolic  mirror  to 
focus  the  light  into  a  sheet.  The  focal  length  of  the  mirror  was  chosen  to  be  suffi¬ 
ciently  long  to  provide  a  thin  light  sheet  over  the  region  of  interest  within  the  jet. 

For  the  present  investigation,  the  light  sheet  was  aligned  vertically  through  the  jet 
axis . 

The  illuminated  flow  was  imaged  by  an  RCA  Ultricon  low-light-level  camera.  This 
camera  is  sufficiently  sensitive  to  produce  usable  images  even  when  the  flow  is  not 
visible  to  the  unaided  eye.  The  images  were  stored  on  videotape  by  a  broadcast-quality 
video  recorder. 

The  copper-vapor  laser  typically  flashes  at  a  repetition  rate  of  approximately  6  kHz 
with  a  pulse  duration  of  approximately  10  ns.  The  pulses  were  synchronized  with  the  low¬ 
est  subharmonic  frequency  of  the  excited  jet  {approximately  400  Hz)  to  produce  phase- 
averaged  images  of  the  flow.  It  is  possible  to  operate  the  laser  at  such  low  frequencies 
fcr  only  approximately  one  minute;  at  that  time  the  plasma  becomes  sufficiently  cool  to 
prevent  lasing.  No  attempt  was  made  to  synchronize  the  laser  with  the  video  camera.  The 
image  persistence  of  the  low-light-level  camera  was  sufficient  to  smooth  the  6-7  laser 
pulses  that  occurred  in  each  video  field.  A  computer-controlled  delay  was  applied  to  the 
laser  trigger  signal  to  permit  visualization  at  an  arbitrary  phase.  A  typical  data  run 
consisted  of  2-s  segments,  each  at  constant  phase,  with  the  computer-controlled  delay 
cycling  through  32  segments  of  one  cycle  of  the  acoustic  excitation.  The  high  sensitiv¬ 
ity  of  the  camera  coupled  with  the  intense  laser  illumination  produced  high-contrast 
images  at  jet  velocities  in  excess  of  30  m/s.  A  typical  digitized  and  enhanced  image  of 
an  excited  plume  is  shown  in  Figure  2 . 


Kit;.  2  Digitized  ptilsed-laser  visualization  of  jet  from  inclined  nozzle:  L’j  =  30  m/s;  compound  excitation. 

A  compos  i to  acoustic  excitation  scheme  was  used  to  regularize  the  jet  structure  and 
to  provide  a  phase  reference  for  the  conditionally  averaged  images.  The  fundamental 
excitation  frequency,  f#/2  =  1526  Hz,  corresponds  to  the  first  subharmonic  of  the  shear- 
layer  instab' lity  frequency  at  a  jet  exit  velocity  Uj  =  30  m/s.  The  second  subharmonic 
frequency  f0,4  is  linearly  added  at  a  relative  amplitude  of  0.5  and  an  appropriate  phase 
r.o  spatially  -  x  the  vortex-pairing  locations.  The  simple  sum  of  these  two  frequencies 
is  sufficient  o  induce  a  further  coalescence  at  a  frequency  of  f0/8,  the  jet  instability 
frequency.  ;•  equency  modulation  with  an  amplitude  of  10*  at  the  f0/B  subharmonic  is  suf¬ 
ficient  to  pr  .vide  a  stable  phase  lock.  The  composite  excitation  signal  was  computed  and 
synthesized  f  -  use  of  an  arbitrary  waveform  generator  with  a  64-bin  resolution,  a  contin¬ 
uously  adjustable  master  clock  signal  to  tune  the  excitation,  and  low-pass  filtering  to 
remove  higher  harmonics  generated  by  bin-to-bin  discontinuities.  Acoustic  excitation  was 
introduced  to  the  flow  through  a  high-frequency  driver  coupled  to  the  flow-system  plenum. 

LDV  mearurementb  required  a  total  of  four  days  of  acquisition  time  with  precisely 
controlled  jet  characteristics.  The  composite  excitation  waveform  described  above  pro¬ 
vided  the  greatest  long-term  stability  for  the  flowfield,  and  was  used  for  the  detailed 
two  component ,  phase-conditioned  LDV  measurements.  The  flow-visualization  measurements, 
which  were  performed  earl  bo  ,  did  not  require  that  excitation  bo  matched  so  precisely  to 
the  shear-layer  instability  frequency.  In  that  case  only  two  frequencies  were  used  in 
the  multimode  excitation,  w.th  components  at  1100  Hz,  the  f0 /3  subharmonic  of  the  shear- 
layer  instability  frequency,  and  the  f0/6  subharmonic,  550  Hz.  Although  use  of  this 
excitation  scheme  did  not  permit  a  direct  comparison  between  the  LDV  and  visualiza' ion 
data,  qualitative  similarity  between  the  results  can  be  demonstrated. 

Initial  digitization  aid  centroid  tracking  of  the  f low-visual ization  images  was  con¬ 
ducted  at  the  McDonnell  Douglas  Astronautics  Company  Image  Processing  Laboratory  using  a 
Could  8500  image -process i ng  system  and  a  VAX  760  host  computer.  Two-sccond  conditionally 
averaged  images  were  acquired  from  the  video  trpo  and  stored  in  512  by  256  pixel  by 
eight-bit  format.  linage  enhancement  and  centroid  tracking  algorithms  were  developed  on 
the  host  computer. 

Subsequent  processing  and  analysis  were  conducted  on  the  McDonnell  Douglas  Research 
Laboratories  ( MDRL )  image-processing  system.  The  system  (Figure  3)  is  based  on  an  Imag¬ 
ing  Technologies  IT:  200  image  processor,  and  is  hosted  by  a  microVAX  II  minicomputer. 

The  host  has  substar  rial  mass  storage  and  tape  archiving  capability,  with  the  majority  of 
processing  function'  conducted  within  the  image  processor.  The  ITI  200  is  caoable  of 
digitizing  and  disp  eying  images  and  contain!)  pipeline  and  pixel  processors  lor  imago 
aim  i  •/;:  i  s .  Finn  lib:  speed  Image  buses  permit  real  time  processing  of  video  data. 

2.3  Penults  and  Di  icussion 

One  period  of  dm  jet  instability  cycle  wan  subdivided  into  32  phases,  and  phase 
conditioned  images  ve re  obtained  for  ten  azimuths  to  fully  characterize  the  complex 
three-dimensional  vortex  field.  The  nozzle  was  rotated  from  0  to  90  degrees  in  10-degree 
increments  reiativ--  to  the  stationary  laser  sheet.  Upper  and  lower  sections  of  the  shear 
layer  were  s  inn  i  ta.  eons  l.y  imaged,  and  symmetry  was  used’to  provide  the  remaining  seg- 
me-.ts.  Thei,  appr  •  <imal.ely  42  Mbytes  of  raw  image  data  were  generated  at  a  single  flew 
t  ra  d  i  t  i  on  . 
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Fig.  3  Image-processing  system. 


Two  techniques  for  tracking  the  vortex  systems  were  developed.  The  first,  referred 
to  as  adaptive  centroid  tracking,  consists  of  image  enhancement,  thresholding,  segmenta¬ 
tion,  and  centroid  detection.  A  second,  more  robust  algorithm,  consists  of  radial  inte¬ 
gration  and  is  much  less  sensitive  to  random  variations  in  image  intensity  and  tracer 
distribution.  Corroborative  phase-conditioned  vorticity  measurements  were  used  to  verify 
the  validity  of  the  visualization  techniques. 

The  objective  of  the  adaptive  centroid  tracking  algorithm  is  to  segment  a  digitized, 
phase-averaged  image  of  a  laser-illuminated  shear  layer  into  domains  representing  vortic¬ 
ity  concentrations  and  to  compute  the  centroids  of  the  segmented  regions  to  track  vortex 
locations,  a  direct  thresholding  technique  cannot  be  used  because  the  image  contrast 
varies  with  distance  from  the  nozzle. 

A  local  histogram-equalization  technique  was  used  to  compensate  for  the  diffusion  of 
smoke  with  distance  from  the  nozzle  exit  and  to  create  uniform  contrast  across  an  image. 
Direct  thresholding  of  the  equalized  image  produces  segmented  domains  for  which  the  cen¬ 
troids  can  be  directly  computed. 

The  direct  approach  to  vortex  tracking  described  above  suffers  from  two  flaws  that 
are  difficult  to  overcome.  First,  the  image-density  thresholds  are  chosen  arbitrarily, 
and  their  levels  vary  with  background  illumination,  laser  intensity,  and  seed  particle 
concentration.  Manual  intervention  is  required  to  determine  a  threshold  level  appropri¬ 
ate  to  detection  of  domains  corresponding  to  vorticity  concentrations.  A  second  problem 
is  posed  by  the  need  to  separate  domains  that  remain  connected  after  thresholding  and  to 

distinguish  multiple  vortices  which  have  been  identified  as  a  single  entity  by  the 

algorithm. 

The  adaptive  thresholding  technique  developed  to  systematize  centroid  identification 
is  shown  schematically  in  Figure  4.  A  three-dimensional  representation  of  the  intensity 
distribution  in  a  typical  image  illustrates  the  connected  islands  of  intensity  that  cor¬ 
respond  to  discrete  vortices.  The  difficulties  associated  with  a  single  threshold  level 
are  clear.  A  threshold  with  a  level  greater  than  three  will  not  detect  the  leftmost 
peak,  whereas  a  lower-level  threshold  will  not  separate  the  other  two  peaks. 

Adaptive  thresholding  begins  with  a  maximal  threshold  level,  which  in  the  example  of 
Figure  4  is  a  level  of  8.  The  centroids  of  all  detected  domains  are  computed  and  saved 

on  a  stack;  in  this  case  only  one  domain  is  detected.  The  threshold  is  decreased  and 

checks  are  made  for  two  conditions.  The  first  condition  is  the  appearance  of  a  new 
region,  which  occurs  at  a  threshold  of  5  in  the  example.  The  centroids  of  new  domains 
are  added  to  the  stack.  The  second  condition  is  the  merger  of  two  domains,  which  occurs 
at  threshold  levels  of  4  and  2.  In  this  case,  centroids  of  regions  which  were  previously 
disconnected  are  stored  as  detected  entities;  otherwise,  the  centroids  are  ignored.  In 
the  example,  all  three  peaks  are  detected  and  no  arbitrarily  specified  constants  are 
used . 

The  streamwise  track  diagram  for  one  section  of  the  jet  shear  layer  is  shown  in 
Figure  5.  Three  complete  cycles  of  the  lowest  subharmonic  are  required  to  cover  the 
first  six  diameters  of  plume  development.  The  jet  instability  frequency  is  one/sixth  the 
initial  shear-layer  instability,  and  the  6  to  1  frequency  reduction  through  vortex  mer¬ 
gers  can  be  deduced  from  these  data.  The  six  initial  vortices  merge  to  form  four  vor¬ 
tices  at  x-Xfl  =  d,  where  x<j  is  the  local  lip  position,  and  two  vortical  regions  remain  at 
2d.  Adaptive  thresholding  is  unable  to  follow  the  final  pairing  and  the  results  are 
ambiguous  beyond  4d.  Vortical  structures  can  easily  be  tracked  near  the  nozzle  lip  where 
they  are  well-defined  and  nearly  elliptic  in  cross-section.  The  strong  distortion  of  the 
vortical  domains  that  occurs  in  the  later  stages  of  jet  development  reduces  the  viability 
of  peak-tracking  in  this  region. 


Fig.  4  Adaptive  thresholding  of  images  containing 
vortex  signatures. 


Fig.  5  Vortex  tracks  based  on  flow  visualization; 

centroid  tracking  algorithm;  azimuth  tji=  180  deg. 


In  the  radial-integration  algorithm,  no  attempt  is  made  to  track  predetermined  dis¬ 
crete  entities  within  the  shear  layer.  At  each  axial  location,  the  total  tracer  concen¬ 
tration  is  integrated  across  the  layer  and  after  appropriate  compensation  and  enhance¬ 
ment,  the  axial  locations  of  vorticity  concentrations  can  be  determined.  The  complete 
processing  scheme  consists  of  the  following  steps: 

1)  Local  histogram  equalization  of  the  raw  image  to  enhance  contrast. 

2)  Application  of  a  mask  at  the  average  background  intensity  to  remove  light  scattered  by 
the  nozzle. 

3)  Vertical  line  averages  of  the  intensity  in  the  upper  and  lower  halves  of  the  jet. 

4)  Subtraction  of  the  overall  average  pixel  intensity  at  each  axial  location. 

5)  Combination  of  the  line  averages  into  phase-versus-x  diagrams. 

6)  Directional  filtering  to  minimize  phase-dependent  contrast  variations. 

7)  Histogram  equalization  to  enhance  overall  contrast. 

A  typical  result  of  this  process  is  shown  in  Figure  6.  The  pixel  intensities  have 
been  inverted  so  that  tracer  concentrations  appear  black.  The  initial  development  of  the 
shear  layer  appears  to  be  similar  to  that  determined  by  the  adaptive  thresholding  algo¬ 
rithm,  but  more  detail  is  apparent  in  instances  of  incomplete  pairing.  The  vortices 
labeled  1  through  3  coalesce  into  a  single  structure  that  persists  for  at  least  3d  from 
the  nozzle  lip.  Vortex  4  appears  to  undergo  partial  pairings  with  5  and  3,  and  5  and  6 
bypass  one  another  before  merging  at  2d.  Ultimately,  only  a  single  strong  tracer  concen¬ 
tration  exists  beyond  3d,  although  the  diffusion  of  the  scalar  tracer  masks  the  final 
coalescence . 
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Fig.  6  Vortex  tracks  based  on  flow  visualization;  radial 
integration  algorithm;  azimuth  i)f  =  180  deg. 


Phase-conditioned,  two-component  LDV  data  were  obtained  to  compare  with  the  visuali¬ 
zation  results  because  the  distribution  of  seed  material  within  the  shear  layer  only 
approximately  models  the  vorticity  distribution.  As  discussed  above,  the  acoustic  exci¬ 
tation  was  different  for  the  LDV  and  flow-visualization  measurements;  therefore,  only 
qualitative  conclusions  c;,n  be  made.  Data  sets  of  40,000  coincident  bursts  were  obtained 
at  each  of  1406  grid  points  in  the  jet.  A  grid-generation  routine  was  used  to  produce  a 
Gaussian  concentration  of  grid  points  in  the  shear  layer,  with  a  simultaneous  linear 
stretch  applied  in  the  streamwise  direction.  Each  cycle  of  the  lowest  subharmonic  was 
subdivided  into  64  parts,  and  the  phase-conditioned  vorticity  was  computed  at  each  grid 
point . 

The  phase  variation  of  vorticity  integrated  across  the  shear  layer  is  shown  in 
Figure  7.  Dark  areas  correspond  to  domains  of  positive  circulation.  In  this  case  the 
jet  frequency  is  one-eighth  the  shear  layer  instability  frequency.  The  acoustic  excita¬ 
tion  did  not  have  a  component  at  f0 ,  and  the  initial  shear-layer  rollup  is  difficult  to 
detect.  However,  the  streamwise  evolution  of  the  first  through  the  third  subharmonics  is 
clearly  visible.  The  results  are  qualitatively  similar  to  those  derived  from  the  visual¬ 
ization,  with  the  direct  vorticity  measurements  better  able  to  distinguish  organized  con¬ 
centrations  of  vorticity  up  to  6d  from  the  lip.  The  frequency  at  which  the  jet  instabil¬ 
ity  is  driven  is  greater  than  that  in  the  flow  visualization  by  a  factor  of  4/3,  hence 
the  apparent  difference  in  the  slope  of  the  vortex  tracks.  Partial  pairings  are  not  evi¬ 
dent,  probably  because  the  jet  frequency  is  a  2n  (where  n  =  3)  submultiple  of  the  shear- 
layer  instability  frequency. 
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Fig.  7  Vortex  tracks  based  on  integrated  vorticity  from 
two-component  LDV  data;  azimuth  i|>  =  180  deg. 


The  vortex  track  diagrams  derived  from  the  flow  visualization  have  been  recombined 
in  Figure  8  into  a  physical  description  of  the  three-dimensional  shear  layer.  Radial 
integrals  of  each  of  the  sections  taken  at  19  azimuths  around  the  jet  have  been  combined 
at  a  constant  value  of  the  phase.  In  essence,  the  three-dimensional  vortex  structure  has 
been  unwrapped  by  image  processing.  Only  8  of  the  32  total  phases  are  shown  here.  As 
with  the  track  diagrams,  directional  filtering  and  histogram  equalization  are  used  to  de- 
emphasize  azimuthal  variations  and  increase  contrast,  respectively. 

The  inclined  nozzle  becomes  a  sinusoidal  trailing-edge  in  the  unwrapped  representa¬ 
tion.  The  most  striking  aspect  of  the  processed  data  is  that  the  instability  waves  near 
the  nozzle  lip  essentially  form  parallel  to  the  trailing  edge,  but  at  x/d  =  4  the  struc¬ 
ture  is  nearly  axisymmetric .  This  is  a  direct  axisymmetric  analog  of  the  two-dimension- 
alization  of  shear  layers  formed  by  splitter  plates  with  a  periodic  distribution  of  tabs 
(Reference  4).  The  shear-layer  reorganizes  itself  by  partial  pairing  of  the  initially 
inclined  ring  vortices.  At  a  relative  phase  of  c p  =  90°,  a  vortex  near  x/d  =  1.5  can  be 
observed  to  be  paired  with  an  upstream  vortex  at  azimuth  ip  =  0  and  a  downstream  vortex  at 
ip  =  180°.  At  phase  <p  =  135°,  the  vortex  has  been  sufficiently  distorted  so  that  the  seg¬ 
ment  which  left  the  nozzle  farthest  downstream  (azimuth  ip  =  0°)  is  now  farthest  upstream, 
that  is,  the  vortex  has  switched  its  angle  of  inclination.  As  the  phase  increases 
through  <p  =  225°,  the  pairings  become  more  complete  with  a  filament  of  longitudinal  vor¬ 
ticity  connecting  the  rings  near  azimuth  ip  =  90°. 
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2.4  Conclusions 

A  technique  has  been  developed  in  which  flow-visualization  images  can  be  quantita¬ 
tively  processed  to  characterize  complex  three-dimensional  vortex  interactions  in  non- 
axisymmetric  jets.  The  three-dimensionally  developing  vorticity  concentrations  were 
labeled  with  a  scalar  tracer  and  illuminated  with  a  phase-conditioned  pulsed-laser 
system.  A  direct  tracking  algorithm  was  found  to  be  only  partially  successful,  particu¬ 
larly  in  situations  where  partial  pairing  and  vortex  tearing  occur.  A  radial-integration 
scheme  provides  a  more  general  description  of  the  shear  layer  when  only  axial  development 
is  required.  Phase-conditioned,  two-component  LDV  measurements,  which  are  impractical 
for  routine  use  because  of  excessive  acquisition  and  processing  times,  show  qualitative 
agreement  with  the  flow-visualization  results  when  phase-conditioned  vorticity  is 
calculated. 

The  unwrapped  images  of  the  shear  layer  from  the  inclined-exit  nozzle  demonstrate  a 
shear-layer  growth  mechanism  that  is  consistent  with  the  strong  asymmetry  documented  in 
Reference  1.  The  initially  inclined  vortex  system  readjusts  to  become  axisymmetric 
through  partial  pairings  of  the  initially  inclined  ring  vortex  system.  Portions  of  a 
vortex  coalesce  with  upstream  and  downstream  neighbors,  ultimately  producing  a  streamwise 
component  of  vorticity  near  ip  =  90°.  Velocity  measurements  in  Reference  1  have  shown 
suppressed  shear-layer  growth  in  this  region,  with  significant  spreading  enhancement  near 
ip  =  0  and  180°  .  The  selective  introduction  of  longitudinal  vorticity  thus  appears  to  be 
an  effective  mechanism  for  controlling  jet  mixing. 

3.  TWO-STREAM  MIXING  LAYER  FROM  A  SWEPT  TRAILING  EDGE 

3 . 1  Background 

As  discussed  in  the  previous  section,  and  shown  in  Figure  1,  jets  from  inclined-exit 
nozzles  develop  vorticity  concentrations  that  align  with  the  slant  of  the  nozzle  lip,  and 
revert  to  an  orientation  perpendicular  to  the  mean  flow  with  streamwise  distance  through 
a  series  of  three-dimensional  vortex  interactions.  For  high  slant-angles,  constant  phase 
lines  of  the  initial  instability  waves  are  perpendicular  to  the  jet  axis  without  regard 
for  the  nozzle  geometry  (References  1  and  2).  A  two-stream  mixing  layer  behind  a  split¬ 
ter  plate  with  a  swept  trailing  edge  was  generated  to  study,  in  a  two-dimensional  flow, 
the  dependence  of  instability-wave  orientation  and  development  on  the  trailing  edge  angle 
and  the  flow  parameters.  The  following  sections  discuss  the  initial  findings  of  the 
mixing  layer  experiment. 

3 . 2  Approach 

The  experiments  are  being  conducted  in  a  closed-circuit,  low-speed  wind  tunnel  with 
high-quality  flow  in  the  test  channel.  The  test  channel  has  glass  windows  along  its  full 
5.5-m  length. 

The  splitter-plate  for  generating  the  two-stream  mixing  layer  is  shown  schematically 
in  Figure  9.  The  1 . 27-cm-thick  plate  spans  the  full  91-cm  width  of  the  test  channel  and 
is  sealed  against  the  windows  to  prevent  leakage  because  of  the  static-pressure  differ¬ 
ence  across  the  plate.  Positioned  with  its  leading  edge  at  the  test  channel  entrance, 
the  plate  extends  downstream  1.62  m  at  the  mid-point  of  the  trailing  edge.  The  height  of 
the  high-speed  (U^)  channel  above  the  plate  is  22.2  cm,  while  the  height  of  the  lower- 
speed  (U2)  channel  is  14.0  cm. 


Fig.  9  Cutaway  view  of  splitter  plate  with  swept  trailing  edge  insert  in  Shear  Flow  Facility  test  channel. 
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A  variable  velocity-differential  is  created  by  developing  a  controllable  pressure 
drop  in  the  lower  channel.  The  flow  passes  through  two  adjustable  and  removable  throttle 
plates  and  through  turbulence-damping  screens.  Each  throttle  plate  consists  of  a  pair  of 
matched  perforated  panels;  lateral  movement  of  one  panel  shifts  its  hole  pattern  relative 
to  the  other  panel  and  changes  the  pressure  drop  across  the  throttle  plate. 

An  aerosol  of  polyethylene  glycol  droplets  is  bled  into  the  upper-surface  boundary 
layer  through  a  porous  panel  in  the  plate  surface  for  shear-layer  flow  visualization. 

The  resulting  smoke  layer  downstream  of  the  plate  is  illuminated  by  a  strobe  lamp  located 
above  and  behind  the  test  channel. 

The  mixing  layer  was  excited  by  an  acoustic  driver  in  the  test  channel  roof,  above 
the  mid-point  of  the  splitter-plate  trailing  edge.  The  spanwice  variation  of  excitation 
phase  along  the  trailing  edge  was  less  than  3%. 

The  splitter  plate  was  fitted  with  an  adjustable  leading-edge  flap  to  minimize  local 
pressure  gradients  and  separation  bubbles  resulting  from  leading-edge  flowfield  distor¬ 
tion  associated  with  the  difference  in  flow  rates  above  and  beneath  the  splitter  plate. 
Avoidance  of  such  flow  disturbances,  which  is  necessary  if  laminar  boundary  layers  are  to 
be  maintained  on  the  plate  surfaces,  proved  to  be  impossible.  A  satisfactory  interim 
solution  involved  removing  the  flap  and  fitting  a  honeycomb  and  screen  combination 
against  the  leading  edge  of  the  splitter  plate.  This  arrangement  permitted  maintenance 
of  laminar  flow  for  a  range  of  flow  speeds  and  speed  ratios. 

Trailing-edge  configurations  studied  are  shown  in  Figure  10.  Each  trailing  edge  was 
sharp  and  symmetrical;  the  included  angle  at  the  trailing  edge  was  approximately  5 
degrees.  For  space  and  structure  considerations,  the  45-degree-sweep  trailing  edge  was 
confined  to  the  center  half  of  the  splitter-plate  span,  the  rest  of  the  span  being  taken 
up  with  unswept  trailing-edge  segments.  Figure  10  also  shows  a  set  of  lines,  laid  out  on 
the  test  channel  floor  perpendicular  to  the  flow,  which  served  as  reference  lines  in  flow 
visualization. 


Fig.  10  Plan  view  showing  splitter  plate  trailing-edge 

configurations  for  0-,  30-,  and  45-degree  sweeps. 


3.3  Results  and  Discussion 

Laminar  trailing-edge  separation  was  possible  up  to  a  plate-length  Reynolds  number 
of  350,000  (corresponding  to  =  3.2  m/s).  For  this  condition,  mixing-layer  velocity 
measurements  at  the  trailing  edge  showed  a  characteristic  laminar  profile;  upper-surface 
boundary- layer  thickness  at  the  trailing  edge  was  about  2  cm. 

The  adjustable  throttle  plates  allowed  a  continuous  range  of  speed  ratios  from  U^/U2 
=  1.4  (both  throttle  plates  removed)  to  U1/U2  =  3.5  (maximum  blockage  from  both  throttle 
plates).  Measured  streamwise  turbulence  intensity  was  u ' /U  =  0.11%  in  the  upper  channel, 
and  ranged  from  u ' /U  =  0.11%  (minimum  blockage)  to  u'/U  =  0.19%  (maximum  blockage)  in  the 
lower  channel.  These  levels  had  no  apparent  effect  on  the  instability-wave  and  vortex- 
rollup  processes  in  the  laminar  mixing  layer.  Frequency  spectra  showed  no  significant 
peaks  attributable  to  flow  through  the  throttle  plates. 

Flow-visualization  results  with  the  unswept  trailing  edge  showed  that  although  some 
spanwise  variation  of  phase  and  amplitude  appeared,  especially  at  the  higher  flow  speeds 
(~3  m/s)  and  excitation  frequencies,  vortex-system  development  was  essentially  two- 
dimensional.  Sidewall  boundary-layer-interaction  effects  were  evident,  such  as  a  notice¬ 
able  change  in  instability  wavelength  at  the  extremes  of  the  smoke-layer  span.  However, 
these  effects  did  not  appear  to  influence  instability-wave  development  away  from  the 
sidewall  regions. 

Flow  downstream  of  a  30-degree-sweep  trailing  edge  is  shown  in  Figure  11.  The  view 
is  directly  from  the  side  and  somewhat  above  the  mixing  layer  (note  the  reference  lines 
on  the  channel  floor).  The  shear  layer  in  Figure  11  has  been  excited  at  fx  =  13  Hz,  and 
develops  instability  waves  that  remain  parallel  to  the  trailing  edge  as  they  grow  and 
roll  up  into  discrete  vortices.  If  the  excitation  frequency  is  increased,  the  wave  pat¬ 
tern  tends  to  an  orientation  away  from  the  swept  edge  and  toward  an  alignment  with  the 
marker  lines  on  the  tunnel  floor.  Figure  12  shows  three  views  of  a  mixing  layer  from  the 
45-degree  trailing  edge,  differing  in  the  excitation  frequency  applied  to  the  layer.  The 
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Fig.  11  Instability-wave  development  downstream  of  30-degree  sweep  trailing  edge  for  U,  =  1.5m/s,  Ui/U2=  1.8; 
fx  =  13  Hz. 

view  is  roughly  parallel  to  the  trailing  edge.  (Note  the  unswept  segments  of  the  trail¬ 
ing  edge,  as  well  as  the  orientation  of  the  reference  lines  on  the  test  channel  floor.) 
The  wave  pattern  in  Figure  12(a),  with  no  shear-layer  excitation  applied,  is  highly  ir¬ 
regular.  However,  the  pattern  reveals  superimposed  organization  into  two  wave  families, 
one  oarallel  to  the  swept  trailinq  edqe  and  the  other  perpendicular  to  the  flow.  (A 
videotape  of  this  flow,  illuminated  stroboscopically  at  various  frequencies,  more  clearly 
reveals  the  presence  of  the  two  wave  families.)  With  excitation  at  fx  =  18  Hz  [Figure 
12(b)],  the  instability-wave  and  vortex-rollup  patterns  are  aligned  with  the  45-degree 
sweep  of  the  trailing  edge.  When  the  excitation  frequency  is  increased  to  fx  =  24  Hz, 
the  resulting  wave  pattern  [Figure  12(c)]  is  clearly  oriented  perpendicular  to  the  flow 
direction. 

The  frequencies  associated  with  the  swept  and  unswept  instability-wave  families, 

18  Hz  and  24-27  Hz,  respectively,  are  related  in  such  a  way  that  the  wavelengths  of  the 
two  families  are  the  same.  If  X  =  wavelength,  then  the  wave  spacing  in  the  stream  direc¬ 
tion  is  L  =  X/cosA,  where  A  is  the  sweep  angle  of  the  wave  system.  For  waves  convecting 
streamwise  with  speed  Uc, 

Uc  =  fL  =  fX/cosA  . 

Using  (  )j  to  denote  the  swept  waves  and  (  )2  the  transverse  waves,  and  assuming  Uc  to  be 
the  same  for  both  sets, 

Uc  =  f^Xi/cosAi  =  f2X2/cosA2  • 

Since  A2  =  0, 

£l  *2 

^  —  \  cos  Ai  • 

f2  X1 

In  the  present  case 


18  Hz 
24-27  Hz 


cosAi  =  0.707, 
and  hence  X^  «  X2  • 

3.4  Conclusions 

A  preliminary  exploration  of  instability-wave  development  in  the  laminar  mixing 
layer  behind  a  swept  trailing  edge  showed  two  distinct,  interacting  families  of  instabil¬ 
ity  waves,  one  parallel  to  the  trailing  edge  and  the  other  perpendicular  to  the  flow. 
Acoustic  excitation  of  the  mixing  layer  allowed  substantial  enhancement  of  either  set  of 
waves,  depending  on  excitation  frequency.  Wavelengths  of  the  two  wave-iamilies  appeared 
to  be  the  same.  The  appearance  of  two  interacting  wave  families  was  very  pronounced  for 
the  45-degree-8weep  trailing  edge,  but  was  only  marginally  evident  in  the  30-degree-sweep 
case . 
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SUMMARY 

An  extensive  and  detailed  experiment  in  progress  is  described  on  the  turbulent  shear  layers  of  a 
swept  wing.  The  measurements  will  comprise  both  the  upper  and  lower  wing  surface  boundary  layer  as  well  as 
the  three-dimensional  near-wake  behind  the  wing.  Starting  from  required  viscous  flow  properties,  a  wing 
geometry  was  designed  by  flow  calculations.  The  theoretical  wing  design  was  checked  by  pilot  model  tests. 
The  results  suggest  that  the  viscous  flow  in  this  experiment  may  become  an  interesting  test  case  for 
turbulence  models  for  three-dimensional  shear  flows. 

The  measurements  in  the  turbulent  shear  layers  will  comprise  mean  flow  quantities,  skin  friction  data 
and  the  six  Reynolds  stress  tensor  components.  To  establish  the  measurement  accuracy,  several  data  checks 
will  be  performed,  including  independent  tests  with  similar  models  in  two  different  wind  tunnels.  The  ex¬ 
periment  is  being  carried  out  under  auspices  of  the  GARTEUR  organization  as  a  collaborative  project  of 
DFVLR,  Germany;  FFA,  Sweden;  NLR,  the  Netherlands;  ONERA-CERT,  France;  and  RAE,  U.K.. 

LIST  OF  SYMBOLS 

c  local  wing  chord 

c  mean  wing  chord 

C  surface  pressure  coefficient 

K  relaminarization  parameter 

l  mixing  length 

Q  velocity  magnitude 

Qe  velocity  at  boundary  layer  edge 

reference  velocity 

Re-  Reynolds  number  based  on  mean  wing  chord 
Refl  boundary  layer  momentum  thickness  Reynolds  number 
s  distance  along  wing  section  contour 

U  velocity  component  in  x-dlrection 

W  velocity  component  in  z-direction 

x,z  orthogonal  surface  coordinates 

y  wall  distance 

a  angle  of  attack 

B  velocity  direction 

Be  velocity  direction  at  boundary  layer  edge 

6^  direction  of  velocity  gradient  (3U/3y,  3W/3y) 

B  skin  friction  direction 

w 

8  direction  of  shear  stress  (t  ,  t  ) 

r  x  z 

4  boundary  layer  thickness 

4  streamwise  boundary  layer  displacement  thickness 

n  spanwise  distance 

9  streamwise  boundary  layer  momentum  thickness 
6^  momentum  thickness  along  Initial  line 
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v  kinematic  fluid  viscosity 

ve  turbulent  eddy  viscosity 

p  fluid  density 

t  shear  stress  in  x-direction 

x 

t  shear  stress  in  z-direction 

z 

1 .  INTRODUCTION 

During  the  last  decades  considerable  progress  has  been  made  in  the  field  of  computational  aero¬ 
dynamics.  Within  the  foreseeable  future  the  computation  of  complicated  three-dimensional  viscous  flows 
should  become  possible  on  a  routine  basis.  The  accuracy  of  the  computations  will  depend  largely  on  the 
reliability  of  the  mathematical  model,  especially  on  the  empirical  assumptions  contained  in  the  model. 
Empirical  assumptions  about  the  turbulence  properties  of  the  flow  are  generally  required  to  make  computa¬ 
tions  possible.  It  is  to  be  expected  that  the  assumptions  about  the  turbulence  will  constitute  in  the 
future  the  main  limitation  for  the  accuracy  of  the  computational  results. 

Progress  in  the  understanding  of  turbulence  has  been  slow  up  to  now.  The  prospects  for  the  develop¬ 
ment  of  a  really  universal  model  to  describe  the  turbulence  properties  are  not  bright,  certainly  not  in 
the  short  term.  For  the  moment  it  seems  inevitable,  therefore,  to  accept  the  use  of  different  turbulence 
models  for  different  classes  of  turbulent  flow,  or  at  least  different  empirical  constants  in  one  model  for 
different  flow  zones.  Accepting  the  necessity  of  zonal  turbulence  modelling,  it  is  clear  that  sufficient 
empirical  information  must  be  available  about  the  turbulence  properties  in  the  classes  of  flow,  which  are 
of  interest  in  practice.  This  information  must  come  either  from  experiments  or  from  numerical  simulations 
of  turbulence  by  solving  the  time-dependent  Navier-Stokes  equations  down  to  the  scale  of  the  smallest 
turbulent  eddies.  Though  the  latter  method  to  obtain  turbulent  flow  data  is  becoming  of  increasing  im¬ 
portance,  the  main  source  of  data  must  still  come  from  experiments,  notably  for  the  more  complex  flows. 

Though  practical  flows  are  nearly  invariably  three-dimensional,  the  empirical  knowledge  existing  is 
largely  based  on  experimental  data  obtained  in  two-dimensional  flows.  The  reason  for  the  large  amount  of 
two-dimensional  data  is  the  relative  simplicity  of  the  experiments,  as  the  flow  development  is  defined  by 
comparatively  few  measurements  and  the  number  of  parameters  governing  the  flow  is  more  restricted.  Also 
accurate  and  reliable  turbulence  measurements  are  much  easier  in  two-dimensional  flows  than  in  three- 
dimensional  ones.  In  view  of  the  practical  needs,  the  effect  of  the  additional  parameters  occurring  in 
three-dimensional  flows  on  the  turbulence  properties  must  be  known,  however.  The  number  of  measurements  to 
be  carried  out  to  define  a  three-dimensional  flow  development  in  satisfactory  detail  is  large,  due  to  the 
extra  dimension  involved.  The  accuracy  problem  for  turbulence  measurements  in  three-dimensional  flows 
leads  to  the  necessity  to  pay  much  attention  to  the  measurement  techniques  and  checks  of  the  data  accura¬ 
cy.  Consequently  three-dimensional  turbulent  flow  investigations  tend  to  be  extensive  and  lengthy.  In  the 
circumstances  cooperation  between  various  research  institutes  for  one  experiment  can  be  profitable  in 
order  to  distribute  the  effort  involved  and  to  support  the  reliability  of  the  turbulence  data  obtained  by 
mutually  Independent  check  measurements. 

Mid  1986  such  a  European  collaborative  project  has  been  started.  The  aim  is  to  provide  detailed  and 
reliable  mean-flow  and  turbulence  data  in  the  three-dimensional  shear  layers  of  a  swept  wing.  In  the  co¬ 
operation  DFVLR  (Germany),  FFA  (Sweden),  NLR  (Netherlands),  ONERA-CERT  (France)  and  RAE  (U.K.)  are  in¬ 
volved.  Measurements  will  be  performed  in  two  wind  tunnels  and  partners  in  the  collaboration  will  contri¬ 
bute  to  the  test  program  with  several  check  measurements.  In  the  present  paper  this  collaborative  experi¬ 
ment  will  be  discussed  and  the  present  status  reviewed.  The  following  subjects  will  be  treated:  the  ob¬ 
jectives  of  the  experiment,  the  required  three-dimensional  turbulent  boundary  layer  flow,  the  theoretical 
model  geometry  design  based  on  these  requirements,  the  results  of  the  pilot  model  tests  to  check  the 
theoretical  design,  the  measurement  program  for  the  final  tests,  the  measurement  techniques  to  be  used  and 
the  distribution  of  the  work  over  the  partners  In  the  collaboration.  Though  the  actual  measurements  have 
not  been  carried  out  as  yet,  some  advance  three-dimensional  boundary  layer  calculation  results  for  the 
(approximate)  experimental  conditions  have  been  performed  already  and  will  be  briefly  discussed  also  in 
the  paper.  First  of  all,  however,  it  seems  appropriate  to  start  in  the  following  with  a  review  of  three- 
dimensional  turbulent  shear  layer  experiments  performed  earlier  and  the  conclusions  reached  from  these 


tests. 
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2.  REVIEW  OF  PREVIOUS  WORK 

In  this  short  review  attention  will  be  focussed  on  thin  shear  layer  experiments  which  include  the 
measurement  of  three-dimensional  flow  turbulence  data.  The  experiments  of  interest  are  brought  together  in 
figure  1.  The  sketch  at  the  top  shows  a  test  set-up  in  which  a  three-dimensional  boundary  layer  is  created 
by  a  sudden  local  transverse  motion  of  the  bounding  surface.  The  interesting  feature  is  that  the  three- 
dimensionality  is  related  here  solely  with  transverse  shear  forces.  The  flow  is  generated  in  practice  on  a 
cylinder  with  a  stationary  and  a  rotating  part.  A  test  set-up  of  this  type  was  applied  by  several  investi¬ 
gators.  In  all  cases  the  boundary  layer  thickness  was  not  small  relative  to  the  cylinder  radius,  so  that 
transverse  curvature  and  rotation  will  have  affected  the  turbulence  properties.  Consequently  the  empirical 
results  will  be  especially  valuable  for  turbulence  modelling  of  boundary  layers  along  engine  hubs,  for 
instance,  but  may  be  less  relevant  for  turbulence  modelling  of  swept  wing  shear  layers. 

The  flow  along  a  duct  wall  provides  a  conveniently  measured  boundary  layer,  which  will  be  three- 
dimensional  when  the  duct  is  curved.  The  turbulence  properties  in  the  duct  corners  deviate  from  those  in 

normal  thin  shear  layers.  Because  of  possible  turbulence  history  effects,  the  region  of  influence  of  the 

corner  flows  should  preferably  not  be  part  of  the  measurement  region,  unless  turbulent  duct  flows  are  the 
class  of  flow  of  interest. 

A  frequently  used  test  configuration  consists  of  a  flat  plate  with  a  two-dimensional  body  mounted 
normal  to  it,  which  induces  a  three-dimensional  boundary  layer  on  the  plate.  Unfortunately  the  boundary 
layer  three-dimensionality  develops  generally  over  a  relative  short  distance  in  these  cases.  Consequently 
turbulence  history  effects  tend  to  dominate  (Van  den  Berg  1982),  while  in  most  practical  flows  three- 
dimensional  boundary  layers  develop  much  more  gradually  and  turbulence  history  effects  might  be  less 
important . 

A  better  control  of  the  three-dimensional  boundary  layer  development  can  be  achieved  when  the  pres¬ 
sure  distribution  on  the  flat  plate  is  induced  by  a  nearby  body  or  bodies  of  appropriate  shape  an.,  size, 

as  shown  in  the  sketch  at  the  bottom  in  figure  1.  Alternatively  the  test  surface  may  be  shaped  to  obtain 

the  desired  pressure  distribution.  A  number  of  such  experiments  have  been  carried  out.  References  to  the 

various  experiments  are  included  in  figure  1.  Not  many  measurements  have  been  done  up  to  now  in  actual 

swept  wing  boundary  layers  and  certainly  turbulence  data  in  such  flows  are  scarce.  On  the  whole  it  can  be 

concluded  that  few  turbulence  data  in  three-dimensional  boundary  layers  exist  for  conditions  close  to 
those  occurring  on  practical  aircraft  wings.  This  does  not  mean  that  from  the  experiments  carried  out  up 
to  now  some  distinct  conclusions  do  not  emerge.  These  conclusions  will  be  discussed  in  the  following  on 
the  basis  of  a  few  typical  test  results. 

First  attention  will  be  paid  to  the  very  recent  tests  by  Anderson  and  Eaton  (1987).  A  three-dimen¬ 
sional  boundary  layer  was  induced  in  their  experiment  on  a  flat  surface  by  a  wedge-like  body.  Measurements 
were  carried  out  at  various  positions  along  an  external  streamline  for  two  wedge  angles,  but  here  only  the 
90°  wedge  angle  case  will  be  considered.  Some  measurement  results  are  given  in  figure  2,  which  also  in¬ 
cludes  a  sketch  of  the  test  configuration.  The  figure  contains  a  plot  of  the  direction  of  the  velocity 

vector,  8  ”  tan  (W/U) ,  the  velocity  gradient  vector,  6  «  tan  *  (3W/3y)/(3U/3y)} ,  and  the  shear  stress 

-1  8  '  ' 
vector,  6^  ■  tan  (t^/t^)  at  3  measurement:  station  with  a  significant  velocity  profile  twist,  ®w  ”  ®e 

90°,  but  still  upstream  of  the  three-dimensional  separation  line.  In  correspondence  with  all  earlier  ex¬ 
perimental  data,  it  is  found  that  the  direction  of  the  shear  stress  vector  differs  essentially  from  the 
velocity  gradient  direction.  This  means  that  if  an  eddy  viscosity  is  introduced,  it  is  essentially  aniso¬ 
tropic.  It  has  been  argued  (Van  den  Berg  1982)  that  in  flow  conditions  like  this,  in  which  the  boundary 
layer  three-dimensionality  develops  fast,  the  direction  of  the  turbulent  shear  stress  vector  3  lgs  so  much, 
that  it  scarcely  changes  over  the  flow  domain.  As  the  original  boundary  layer  flow  is  approximately  in  the 
direction  of  the  tunnel  axis,  this  would  mean  that,  if  turbulence  history  effects  dominate,  »  0  also 
downstream.  Evidently  this  does  not  hold  very  well  in  the  present  experiment.  It  is  interesting  to  note, 
however,  that  the  shear  stress  direction  change  is  opposite  to  the  velocity  gradient  direction  change, 
which  signifies  that  the  eddy  viscosity  anisotropy  is  even  larger  than  It  would  be  for  frozen  turbulence 
(Bt  -  0). 

In  figure  3  a  comparison  is  made  between  the  measured  turbulent  shear  stresses  at  the  same  station  in 
the  Anderson/Eaton  experiment  and  calculated  stresses.  The  quantities  and  plotted  are  the  stress 

components  parallel  and  normal  to  the  tunnel  axis  respectively.  The  calculated  shear  stresses  have  been 
obtained  using  an  isotropic  eddy  viscosity,  based  on  the  mixing  length  formulation  from  Michel  et  al 
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(1968),  and  the  measured  boundary  layer  velocity  component  profiles.  The  calculated  stress  values  are  seen 
to  be  substantially  larger  than  the  measured  ones.  The  calculated  cross  component,  ,  differs  from  sign 
with  the  measurement  data,  in  accordance  with  the  angles  plotted  in  figure  2.  The  finding  that  the  shear 
stresses  are  comparatively  small  in  three-dimensional  turbulent  shear  layers  is  in  agreement  with  what  has 
generally  been  found  up  to  now  in  experiments. 

The  other  experimental  results,  which  will  be  discussed  here,  are  those  of  Bradshaw  and  Pontikos 
(1985)  and  Van  den  Berg  and  Elsenaar  (1972).  The  experiments  have  been  chosen  as  the  two  flows  are  near¬ 


replica.  In  both  cases  an  infinite  swept  wing  flow  is  simulated  in  which  a  two-dimensional  boundary  layer 
gradually  becomes  more  and  more  three-dimensional  due  to  an  adverse  pressure  gradient.  In  fact  the  pres¬ 
sure  gradients  are  slightly  smaller  in  the  Bradshaw/Pont ikos  experiment  and  the  boundary  layer  twist  in¬ 
creases  more  gradually.  Both  flows  seem  to  be  sufficiently  similar,  however,  to  employ  the  measurement 
results  as  mutual  independent  checks.  In  figure  4  the  measured  flow  angles,  velocity  gradient  angles  and 
shear  stress  angles  (Ersenaar  and  Boelsma  1974)  are  compared  for  two  stations  with  approximately  the  same 

angle  of  twist  within  the  boundary  layer,  6  -  B  “  20°.  The  agreement  between  the  results  of  the  indepen- 

we 

dent  measurements  is  very  satisfactory,  though  the  boundary  layer  thickness  at  the  station  considered  is 
somewhat  larger  in  the  Bradshaw/Pont ikos  experiment  due  to  the  larger  streamwise  distance  associated  with 
the  more  gradual  flow  development.  Again  it  must  be  concluded  that  the  turbulent  shear  stress  direction 
differs  essentially  from  the  velocity  gradient  direction,  implying  a  significant  eddy  viscosity  aniso¬ 
tropy.  The  measured  direction  of  the  shear  stress  is  between  the  direction  at  the  initial  station  and  the 
direction  of  the  velocity  gradient.  This  may  be  explained  as  a  lag  effect,  but  other  explanations  might  be 
valid  as  well. 

For  the  Van  den  Berg/Elsenaar  experiment  the  measured  turbulent  shear  stress  magnitude,  |t|  * 
2  2  \ 

(t^  +  xz  )  ,  has  been  compared  with  calculated  values,  obtained  by  assuming  an  outer  region  eddy  viscosi¬ 
ty  according  to  the  turbulence  model  of  Cebeci  and  Smith  (1974).  The  results  are  plotted  in  figure  5.  The 

* 

graph  employs  an  adapted  wall  normal  ordinate  y  ,  being  constant  along  streamlines  (see  for  details 
Van  den  Berg  1982).  It  is  evident  that  also  in  this  case  the  measured  turbulent  shear  stress  falls  short 
of  the  value  expected  using  conventional  turbulence  models.  This  does  not  only  hold  for  the  turbulence 
stress  components  and  t  ,  but  turbulence  activity  in  general  appears  to  decrease  as  the  flow  becomes 
three-dimensional  (Bradshaw  and  Pontikos  1985). 

Summing  up,  turbulence  measurements  in  three-dimensional  boundary  layers  show  that  the  turbulent 
shear  stresses  are  small  compared  to  those  in  two-dimensional  boundary  layers  in  similar  conditions,  and 
the  shear  stress  components  are  not  proportional  to  the  corresponding  velocity  gradients.  Several  causes 
have  been  suggested  to  explain  the  effects  found.  For  instance,  turbulence  history  effects  have  been  pro¬ 
posed  as  an  explanation  (Van  den  Berg  1982).  The  important  role  of  turbulence  history  effects  is  more  and 
more  appreciated  also  for  two-dimensional  flows  and  the  strong  history  effects  included  in  the  turbulence 
model  recently  developed  by  Johnson  and  King  (1985)  explain  probably  the  relative  success  of  this  model, 
also  for  three-dimensional  boundary  layer  calculations  (Abid  1988). 

Turbulence  history  effects  are  not  specific  for  three-dimensional  flows.  A  number  of  effects  typical 
for  three-dimensional  shear  layers  may  be  distinguished.  One  of  them  is  streamline  con-  or  divergence. 
This  may  occur  without  any  velocity  profile  twist,  for  instance  in  axisymmetric  flows.  In  such  flows,  as 
well  as  along  symmetry  planes  of  fully  three-dimensional  flows,  large  effects  have  been  established 
(Bradshaw  1973,  Patel  and  Baek  1987).  Streamline  convergence  appears  to  lead  to  substantial  shear  stress 
reductions,  and  the  reverse  for  divergence. 

It  is  well  known  that  in  two-dimensional  flows  streamline  curvature  has  a  surprisingly  large  effect 
on  the  turbulence  properties  of  the  shear  layer  (Bradshaw  1973).  In  three-dimensional  flows  streamline 
curvature  may  also  occur  and  will  generally  occur  in  planes  parallel  to  the  shear  layer  plane.  It  has  re¬ 
cently  been  established  by  stability  calculations  that  three-dimensional  laminar  boundary  layers  are 
strongly  stabilized  by  curvature  of  the  streamlines  in  planes  parallel  to  the  surface  (Malik  and  Poll 
1985).  Correspondingly  one  might  expect  a  stabilizing  influence  of  in-plane  curvature  on  three-dimensional 
turbulent  boundary  layers.  One  way  to  look  upon  turbulence  is  that  the  eddy  viscosity  will  adjust  itself 
to  a  level  needed  to  make  the  mean  flow  stable  again.  The  stabilizing  effect  of  in-plane  curvature  should 
lead  then  to  lower  eddy  viscosity  level,  in  agreement  with  experimental  results. 

An  other  possible  cause  for  changes  of  Che  turbulence  properties  in  three-dimensional  shear  layers  is 
the  presence  of  velocity  profile  twist,  which  leads  to  turbulent  eddy  toppling  (Bradshaw  and  Pontikos 
1985).  Especially  the  large  turbulent  eddies  may  be  expected  to  be  distorted  by  the  variation  of  the  velo- 


city  vector  direction  through  the  boundary  layer.  In  the  following  a  global  estimate  will  be  made  of  the 
crosswise  distortion  in  a  boundary  layer  due  to  velocity  profile  twist. 

For  an  angle  of  twist  (B  -  B  )  the  maximum  crossflow  velocity  will  be  of  the  order  W  =  0[Q 

w  e  e 

tan(8w-8e)  ]  .  The  typical  life  time  of  a  large  eddy  in  a  turbulent  boundary  layer  of  thickness  6  is  at 
least  0(10<5/Q^),  which  results  in  a  total  crosswise  distortion  Az  =  0(10)  6tan(8w-8e).  This  means  that, 
even  for  moderate  twist  angles,  a  substantial  distortion  of  the  large  eddies  due  to  flow  three-dimen¬ 
sionality  will  take  place.  The  reason  for  the  large  distortion  is  the  long  life  time  of  the  turbulent  ed¬ 
dies.  The  above  global  analysis  suggests  that  it  is  well  conceivable  that  the  turbulence  properties  are 
significantly  altered  by  the  presence  of  velocity  profile  twist. 

The  general  conclusion,  which  may  be  drawn  from  the  previous  work  performed  in  three-dimensional 
shear  layers,  is  that  the  turbulence  properties  are  strongly  affected  by  flow  three-dimensionality  and 
that,  though  some  possible  causes  for  the  large  effects  found  in  experiment  have  been  proposed,  the 
general  notions  about  the  physics  involved  are  only  vague  and  qualitative.  Further  experiments  are  needed 
to  improve  the  understanding  of  the  physics  and  to  support  the  development  of  reliable  turbulence  models 
for  three-dimensional  shear  flows. 


3.  GARTEUR  SWEPT  WING  EXPERIMENT 

It  seems  appropriate  to  start  recapitulating  briefly  the  origin  of  the  European  collaborative  activi¬ 
ties  in  three-dimensional  boundary  layer  research.  The  impulse  for  the  collaboration  has  probably  been 
given  in  the  workshops  on  theory  experiment  comparisons,  which  were  organized  by  the  Eurovisc  Working 
Party  "'T'hree-dimensional  shear  layers"  in  the  late  seventies  and  early  eighties  (Humphreys  1979;  Lindhout, 
Van  den  Berg  and  Elsenaar  1980;  Van  den  Berg,  Humphreys,  Krause  and  Lindhout  1987).  However,  the  actual 
initiative  for  the  present  experiment  was  taken  during  a  meeting  of  experts  in  the  field  at  FFA, 
Stockholm,  in  1983.  In  the  discussions  at  the  meeting  it  emerged  that  a  need  was  felt  for  two  types  of 
three-dimensional  turbulent  shear  layer  experiments.  In  the  first  the  approach  should  be  more  fundamental, 
the  objective  being  to  improve  the  understanding  of  the  physics  of  turbulence  in  three-dimensional  boun¬ 
dary  layer  flows.  This  "flow  physics"  experiment  is  underway  now  at  EPFL,  Lausanne,  Switzerland,  under 
Prof.  I.L.  Rhyming.  The  tests  are  being  carried  out  in  a  curved  duct,  see  figure  6,  and  it  is  the  inten¬ 
tion  that  experimentalists  from  various  research  institutes  in  Europe  will  contribute  in  the  measurements 
at  Lausanne. 

The  second  experiment,  which  was  proposed  at  the  Stockholm  meeting,  is  closer  to  aeronautical  appli¬ 
cation.  The  aim  is  to  provide  empiricial  data  to  support  the  development  of  better  turbulence  models  for 
three-  dimensional  shear  layers  as  occur  on  swept  wings.  This  "physics  modelling"  experiment  is  being  per¬ 
formed  now  as  a  European  collaborative  project  under  auspices  of  the  GARTEUR  organization.  This  experiment 
is  the  main  subject  of  the  present  paper.  The  investigation  will  be  carried  out  on  a  low  aspect-ratio 
swept  wing  model,  see  figure  6.  As  indicated  in  the  sketch,  the  measurement  region  proposed  excludes  the 
wing  root  and  tip  and  wing  nose,  but  includes  the  three-dimensional  near-wake  behind  the  wing  and  both  the 
upper  and  lower  surface  boundary  layers.  The  test  set-up  consists  of  a  large  half-model  attached  to  a  wind 
tunnel  test  section  wall.  The  detail  measurement  program  will  be  executed  at  one  angle  of  attack. 

The  objectives  of  the  GARTEUR  experiment  may  be  formulated  as  follows: 

i)  To  obtain  reliable  and  detailed  data  on  the  mean  flow  and  the  turbulence  in  the  three-dimensional 
boundary  layers  and  the  near-wake  of  a  swept  wing. 

ii)  To  perform  these  measurements  in  three-dimensional  turbulent  shear  layers  at  flow  conditions  close  to 
those  on  modern  aircraft  swept  wings  at  transonic  speed. 

As  the  interest  is  in  three-dimensional  shear  layers,  substantial  three-dimensionality  will  be  pur¬ 
sued  for  the  model  flow,  even  though  this  may  not  always  occur  on  practical  swept  wings.  A  further  devia¬ 
tion  from  practical  flight  conditions  is  that  the  measurements  will  not  be  done  in  the  transonic  speed 
regime,  but  at  low  speed  in  nominally  Incompressible  flow.  However,  the  wing  pressure  distribution  in  the 
low-speed  tests  will  be  kept  similar  to  that  on  modern  transonic  wings.  The  reasons  for  preferring  low- 
speed  tests  are  the  extremely  high  expenses  of  an  extensive  measurement  program  in  a  transonic  wind  tunnel 
and  the  considerable  measurement  problems  in  high-speed  flows  for  turbulence  quantities.  Fortunately  com¬ 
pressibility  effects  on  turbulence  are  probably  not  very  large,  unless  the  Mach  number  is  much  larger  than 
one  (Morkovln  hypothesis,  see  Morkovin  1964). 


The  acquisition  of  experimental  data  of  high  standard  is  an  essential  objective  of  the  GARTEUR  expe¬ 
riment.  A  high  standard  is  difficult  to  achieve  in  turbulence  research,  because  of  the  ample  possibilities 
for  measurement  errors.  This  often  leads  to  a  challenge  by  potential  users,  notably  turbulence  modellers, 
of  the  reliability  of  the  data  obtained.  Consequently  there  is  a  great  need  for  a  set  of  well-established 
data.  This  is  best  achieved  by  performing  independent  checks  of  the  data.  For  that  reason  it  is  planned  to 
carry  out  measurements  at  the  same  positions  with  different  instruments,  e.g.  hot-wire  and  Laser-Doppler 
anemometers,  as  well  as  with  similar  instruments  but  by  independent  research  teams  in  Europe.  The  experi¬ 
ment  comprises  actually  a  completely  independent  data  check  by  performing  tests  with  two  different  models 

in  two  wind  tunnels  of  different  size:  the  ONERA  F-2  wind  tunnel  in  France  with  a  test  section  of  1.8  x 
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1.4  m“  and  the  NLR  LST  3  x  2.25  m  wind  tunnel  in  the  Netherlands,  see  figure  7.  Close  similarity  can  be 
obtained  in  both  wind  tunnels,  notwithstanding  the  significant  tunnel  wall  interference  effects  due  to  the 
relatively  large  size  of  the  models,  since  the  test  section  dimensions  are  very  nearly  to  scale.  To  keep 

the  Reynolds  number  constant  for  the  tests  in  both  wind  tunnels,  the  flow  velocity  will  be  larger  in  the 
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F2  tunnel  than  in  the  LST  3  x2.25  m  ,  e.g.  about  50  m/s  and  30  m/s  respectively,  giving  a  Reynolds  number 
based  on  mean  wing  chord  Re^  =  3.3  x  10^. 

There  are  a  number  of  arguments  which  favour  the  choice  of  two  separate  test  set-ups: 

i)  The  data  set  obtained  will  have  the  nearly  unique,  but  in  principle  very  desirable  feature  that  it  is 

confirmed  by  fully  independent  measurements. 

ii)  Full  use  is  made  of  the  possibilities  of  both  wind  tunnels,  notably  the  Laser-Doppler  Anemometry 

2 

system  in  the  F2  tunnel  and  the  larger  size  of  the  turbulent  shear  layers  in  the  LST  3  x  2.25  m  . 

The  main  argument  against  two  models  is  that  it  might  appear  not  feasible  in  practice  to  obtain  real¬ 
ly  identical  flows  in  both  wind  tunnels,  even  if  all  possible  measures  are  taken  to  make  the  test  set-ups 
geometrically  and  aerodynamically  similar.  This  may  be  true  for  flows,  which  are  very  sensitive  to  the 
boundary  conditions.  However,  such  flows  are  difficult  to  compute  and  provide  no  instructive  test  case  for 
turbulence  modelling.  Also  large  probe  interference  effects  are  likely  then,  so  that  such  flows  should  be 
avoided  in  the  model  design. 

The  distribution  of  the  considerable  amount  of  work  associated  with  this  experiment  has  been  agreed 
on  by  the  various  European  research  institutes  involved  in  1986.  It  will  be  clear  from  the  preceding  para¬ 
graph  that  the  contribution  of  ONERA  in  the  cooperation  will  be  to  perform  the  turbulent  shear  layer 
measurements  in  the  French  F2  wind  tunnel,  which  will  comprise  pressure-probe  and  hot-wire  data,  but  the 
emphasis  in  this  tunnel  will  be  on  the  Laser-Doppler  measurements.  NLR  will  contribute  with  similar  tests 
in  the  Dutch  LST  tunnel,  except  for  Laser-Doppler  data,  but  with  more  extensive  hot-wire  measurements.  The 
construction  of  the  wind  tunnel  models  is  now  being  executed  by  FFA  in  Sweden,  and  at  a  later  stage  FFA 
will  contribute  in  the  experimental  program  with  some  check  measurements  in  the  LST  tunnel.  Part  of  the 
instrumentation  will  be  done  at  DFVLR  In  Germany.  Extensive  skin  friction  measurements  with  surface  hot 
films  on  the  LST-model  will  be  the  other  contribution  from  DFVLR.  Also  for  the  skin  friction  data  ample 
check  measurements  are  intended,  amongst  others  by  RAE,  U.K.,  employing  Stanton  tubes.  RAE  will  provide 
also  some  of  the  instrumentation,  but  its  main  contribution  is  the  aerodynamic  design  of  the  model  geo¬ 
metry  for  the  experiment.  Much  attention  was  paid  to  this  aspect  and  this  part  of  the  work  has  now  been 
successfully  completed.  The  theoretical  model  design  and  the  pilot  tests  to  check  the  design  are  the  sub¬ 
ject  of  the  next  section. 


4.  AERODYNAMIC  MODEL  DESIGN 


The  proposed  swept  wing  will  be  a  half-model  attached  to  a  wind  tunnel  test  section  wall.  The  fol¬ 
lowing  main  dimensions  were  selected  for  the  wing:  half-wing  aspect  ratio  =  1.5,  taper  ratio  =  0.5  and 
quarter-chord  sweep  angle  -  30°.  The  model  span  has  been  chosen  parallel  to  the  largest  cross  dimension  of 
the  test  section  to  obtain  a  large  wing  chord  and  consequently  thick  turbulent  shear  layers  and  a  high 
Reynolds  number.  The  tunnel  wall  constraint  effects  will  be  significant  in  this  test  set-up,  the  mean  wing 
chord  being  70  X  of  the  tunnel  height,  but  this  is  acceptable  for  the  present  purpose. 

A  number  of  requirements  have  been  formulated  for  the  wing  flow.  These  requirements  are: 
i)  The  pressure  distribution  on  the  wing  should  be  similar  to  that  on  a  modern  transonic  wing  with  rear- 
loading. 


ii)  The  adverse  pressure  gradients  ou  the  wing  upper  surface  should  lead  to  a  small  three-dimensional 
separation  region  over  part  of  the  span  near  the  wing  tip. 

iii)  On  the  lower  wing  surface  substantial  twist  angles  should  occur  in  the  boundary  layer  upstream  of  the 
trailing  edge  prior  to  the  favourable  pressure  gradients  associated  with  rear-loading. 

iv)  Significant  spanwise  variations  in  the  viscous  flow  should  occur  on  both  upper  and  lower  surface  of 
the  wing. 

On  the  basis  of  these  aerodynamic  requirements  a  model  geometry  was  designed  by  flow  calculations  at 
RAL.  Because  of  the  presence  of  tunnel  walls  fairly  close  to  the  model,  the  inviscid  flow  calculations  had 
to  take  these  into  account.  For  the  calculations  of  the  viscous  flow  on  the  wing,  the  boundary  layer  inte¬ 
gral  method  due  to  Cross  (1979)  was  used.  The  iterative  design  process  to  arrive  at  the  desired  model  geo¬ 
metry  is  described  by  Firmin  and  McDonnald  (1988)  and  will  not  repeated  here.  Attention  will  be  restricted 
in  this  paper  on  the  results  of  the  theoretical  design  process. 

Figure  8  shows  some  wing  sections  of  the  model  geometry  according  to  the  final  design  at  a  number  of 
spanwise  stations.  The  first  noteworthy  feature  of  the  geometry  is  the  very  large  thickness  of  the  wing 
sections.  This  is  a  consequence  of  requiring  strong  three-dimensionality  of  both  the  upper  and  lower  sur¬ 
face  boundary  layers,  as  may  occur  ou  transonic  wings.  Thick  wing  sections  are  needed  to  simulate  similar 
conditions  in  an  incompressible  flow.  An  other  striking  feature  of  the  design  is  the  amount  of  wing 
section  angle  of  attack  and  camber  variation  along  the  span.  This  is  due  to  the  requirement  that  signifi¬ 
cant  spanwise  variations  in  the  viscous  flow  should  exist.  At  the  wing  root  the  section  angle  of  attack 
and  section  camber  are  zero,  they  increase  outwards,  but  decrease  again  very  close  to  the  wing  tip  to 
avoid  separation  at  the  tip  itself.  As  these  variations  occur  over  a  relatively  short  span,  the  resulting 
swept  wing  geometry  looks  unusual. 

The  calculated  surface  pressure  distribution  at  32  %  span  and  68  %  span  is  plotted  in  figure  9.  Large 
adverse  pressure  gradients  are  seen  to  exist  on  both  the  upper  and  lower  wing  surface.  On  the  lower  sur¬ 
face  the  pressure  gradient  is  favourable  near  the  trailing  edge  and  a  relaxing  three-dimensional  boundary 
layer  flow  may  be  expected  to  occur.  On  the  upper  surface  the  suction  peak  on  the  wing  nose  is  higher 
further  outboard  to  induce  trailing  edge  separation  near  the  tip.  The  start  of  the  test  region,  i.e.  the 
initial  lines  on  upper  and  lower  surface  for  comparison  boundary  layer  calculations,  is  indicated  in  the 
graph.  The  pressure  gradients  are  still  relatively  small  along  the  initial  lines  and  the  computed  twist 
angles  in  the  boundary  layer  are  no  more  than  a  few  degrees  there. 

The  calculated  wall  streamlines  on  the  wing  upper  and  lower  surface  are  shown  in  figure  10.  The  ex¬ 
ternal  streamlines  are  much  more  parallel  to  the  chord  lines  of  the  wing,  so  that  the  direction  of  the 
wall  streamlines  relative  to  the  chord  lines  may  be  regarded  as  a  global  measure  for  the  amount  of  twist 
within  the  boundary  layer.  The  wall  streamline  angles  on  the  upper  surface  are  seen  to  increase  con¬ 
tinuously  towards  the  wing  trailing  edge.  The  wall  angles  are  larger  in  the  outboard  part  of  the  wing,  but 
are  small  again  very  close  to  the  tip,  so  that  a  region  with  strong  flow  convergence  exists  in  between. 
Incipient  separation  is  predicted  there  by  the  calculations.  The  maximum  crossflow  on  the  wing  lower  sur¬ 
face  occurs  upstream  of  the  trailing  edge  and  is  largest  again  in  the  outboard  part. 

On  the  whole  the  calculation  results  show  that  extensive  regions  with  a  strongly  three-dimensional 
boundary  layer  flow  may  be  expected  to  occur  on  the  designed  wing  geometry.  A  possible  local  separation 
region  is  indicated  on  the  wing  upper  surface.  Also  significant  spanwise  variations  in  the  viscous  flow 

are  present,  so  that  the  design  seems  to  fulfil  the  requirements.  As  a  next  step  a  pilot  model  of  the  de- 
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signed  geometry  was  built  by  FFA  and  subsequently  tested  in  the  NLR  pilot  tunnel  LST  .8  x  .6  m  .  Figure  11 
contains  a  photograph  of  the  pilot  model,  showing  the  complex  geometry  of  the  swept  wing  designed,  and  a 
photograph  of  the  model  installed  in  the  tunnel,  illustrating  the  large  model  dimensions  relative  to  those 
of  the  test  section.  The  pilot  tunnel  used  is  to  a  scale  1:3.75  of  the  NLR  LST  tunnel,  so  that  the  tunnel 
speed  must  be  increased  with  that  ratio  compared  to  the  speed  in  the  LST  to  achieve  the  same  Reynolds 
number.  Actually  the  pilot  tests  were  performed  at  a  Reynolds  number,  which  is  25  Z  low,  because  of  speed 
limitations. 

Extensive  tests  were  carried  out  with  the  pilot  model.  On  the  basis  of  the  test  results  a  few  modifi¬ 
cations  to  the  model  geometry  were  introduced  at  the  root  and  the  wing  tip.  Oil  flow  visualizations  showed 
the  presence  of  a  separation  region  containing  a  horse-shoe  vortex  at  the  wing  tunnel-wall  junction.  Al¬ 
though  the  separation  region  appeared  to  be  local  and  outside  the  test  region,  it  was  still  decided  to 
remove  it  by  adding  a  wing  root  fairing,  which  avoids  the  separation.  Oil  flow  visualizations  in  the  wing 


tip  region  showed  that  the  tip  vortex  flow  extended  rather  further  inboard  than  desirable.  Actually  the 
original  tip  with  a  circular  cross-section,  as  shown  in  figure  11,  is  fairly  blunt.  A  new,  more  slender 
tip  was  designed  experimentally  by  trial  and  error  to  obtain  a  more  satisfactory  tip  flow.  Apart  from 
these  modifications  no  changes  to  the  model  geometry  designed  theoretically  were  applied. 

Some  difficulties  were  encountered  in  the  pilot  tests  to  trip  adequately  the  boundary  layer  to  tur¬ 
bulence  on  the  model.  These  difficulties  may  be  partially  associated  with  the  lower  Reynolds  number  in  the 
pilot  tests.  For  clarification  laminar  and  turbulent  boundary  layer  calculations  have  been  carried  out  in 
the  wing  nose  region  by  MLR  using  the  theoretical  surface  pressure  distribution  from  RAE.  Some  calculation 
results  and  the  corresponding  transition  criteria  are  given  in  figure  12.  The  top  graph  shows  the  varia¬ 
tion  along  the  span  of  the  momentum  thickness  Reynolds  number  of  a  laminar  attachment  line  flow  for  this 
swept  wing.  The  limit  Reynolds  numbers  for  transition  to  turbulent  flow  due  to  leading-edge  contamination 
(e.g.  Poll  1979)  are  indicated.  It  appears  that  in  the  final  tests  the  attachment  line  flow  will  probably 
be  turbulent  or  otherwise  can  easily  be  tripped  to  turbulence.  However,  this  may  not  be  quite  the  case  at 

the  pilot  tests  Reynolds  number.  The  bottom  graph  in  figure  12  shows  the  variation  of  the  relaminar isat ion 
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parameter  K  =  (v/Q  )(3Qe/3s)  at  two  spanwise  stations  according  to  turbulent  boundary  layer  calculations. 
The  limit  values  for  the  start  of  relaminarisat ion  and  for  complete  relaminarizat ion  (Narasimha  and 
Sreenivasan  1979)  are  indicated.  The  calculation  results  Indicate  that  relaminarisat ion  is  likely  to  hap¬ 
pen  on  the  wing  upper  surface  at  the  pilot  tests  Reynolds  number.  This  was  confirmed  in  the  pilot  tests 
and  it  explains  the  problems  encountered  with  turbulence  tripping.  Unfortunately  the  possibility  of  rela- 
minarisation  can  also  not  be  excluded  in  the  final  tests  according  to  figure  12.  This  means  that  it  might 
be  necessary  to  apply  a  turbulence  trip  on  the  final  models  downstream  of  the  relaminarisat Ion  region,  or 
to  increase  to  some  extent  the  tunnel  speed,  i.e.  the  Reynolds  number,  for  the  final  tests,  so  that  rela- 
minarisation  is  avoided. 

Figure  13  and  14  show  photographs  of  the  surface  oil  flow  patterns  obtained  in  the  pilot  tests  for 
the  pilot  model  with  wing  root  fairing  and  new  wing  tip,  and  with  the  boundary  layer  adequately  tripped  to 
turbulence  close  downstream  of  the  relaminarisation  region.  The  flow  patterns  shown  represent  the  favour¬ 
ite  wing  surface  flow  condition  for  this  model,  which  actually  was  obtained  at  the  theoretical  design 
angle  of  attack,  a  =  0. 

As  appears  from  figure  13,  no  local  three-dimensional  separation  region  is  really  present  on  the  wing 
upper  surface,  contrary  to  one  of  the  requirements.  However,  in  the  outboard  rear  part  of  the  wing  a  dis¬ 
tinct  region  is  seen  to  exist  with  nearly  separated  three-dimensional  flow.  Such  an  extended  region  with 
strongly  twisted  boundary  layer  velocity  profiles  seems  to  be  very  interesting  as  a  test  flow,  since  it 
may  be  regarded  as  the  three-dimensional  equivalence  of  a  two-dimensional  nearly  separated  flow  as  inves¬ 
tigated  by  Stratford  (1959).  It  was  decided,  therefore,  to  accept  the  surface  flow  obtained,  also  bee  *se 
over  a  substantial  part  of  the  rest  of  the  wing  significant  three-dimensionality  appears  to  occur.  Actual¬ 
ly  the  amount  of  cross  flow  seems  to  be  larger  than  predicted  by  the  calculations  (Fig.  10). 

Figure  14  shows  a  photograph  of  the  oil  flow  pattern  obtained  at  the  same  angle  of  attack,  a  =  0,  on 
the  wing  lower  surface.  The  wall  streamlines  are  seen  to  be  directed  strongly  outwards  near  mid-chord  and 
to  turn  back  towards  a  more  rearward  direction  near  the  wing  trailing  edge.  This  indicates  that  sufficient 
wing  rear-loading  has  been  applied  to  obtain  c  boundary  layer  with  large  velocity  profile  twist  angles 
relaxing  to  a  more  two-dimensional  flow.  On  the  whole  the  surface  flow  visualizations  on  the  pilot  model 
suggest  that  a  very  Interesting  three-dimensional  turbulent  boundary  layer  flow  has  been  achieved  with  the 
wing  geometry  designed. 

Figure  15  shows  the  oil  flow  pattern  on  the  wing  upper  surface  at  a  slightly  increased  angle  of 
attack,  a  *0.5°  instead  of  a  =  0.  The  wall  streamlines  on  the  outboard  rear  part  of  the  wing  can  be 
claimed  perhaps  to  be  directed  just  slightly  upstream  at  this  larger  angle  of  attack.  It  may  be  argued, 
whether  the  flow  should  be  called  separated  here.  In  any  case  a  saddle  point  can  not  be  observed  In  the 
wall  streamline  pattern,  so  that  if  the  term  separation  is  used,  it  would  be  an  open  separation  of  the 
gradual  type  (Van  den  Berg  1988).  When  comparing  the  wall  flow  pattern  in  figure  15  with  that  at  a  =  0  in 
figure  13,  it  is  obvious  that  the  separation-like  features  develop  fairly  fast,  but  the  development  is 
gradual.  In  the  pilot  tests  the  sensitivity  of  the  wall  flow  pattern  to  the  presence  of  disturbances  In 
the  flow  was  extensively  investigated.  For  instance,  scaled-down  probe  supports,  as  anticipated  for  use  in 
the  final  tests,  were  placed  at  various  positions  in  the  flow.  It  was  found  that  with  supports  of  a 
reasonable  slender  design  no  essential  effects  on  the  wall  flow  pattern  were  perceptible.  The  general  con¬ 
clusion  from  these  investigations  was  that,  though  the  flow  is  fairly  sensitive  to  disturbances,  the  sen¬ 
sitivity  is  acceptable  provided  that  care  is  taken  to  minimize  effects  like  probe  interference. 
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Following  the  satisfactory  results  of  the  pilot  tests,  the  geometry  of  the  swept  wing  model  to  be 
employed  for  the  GARTEUR  three-dimensional  shear  layer  experiment  ^as  been  fixed.  The  construction  of  the 
models  for  the  ONERA  F2  tunnel  and  the  NLR  LST  is  now  progressing  at  FFA.  A  photograph  of  the  LST-model 
under  construction  is  shown  in  figure  16.  Note  the  large  dimensions  of  the  model,  which  should  lead  to 
gradually  developing  boundary  layers  of  sufficient  thickness  to  be  measured  accurately  with  available  in¬ 
struments. 


5.  MEASUREMENT  PROCRAM 

If  the  development  of  a  three-dimensional  shear  flow  is  to  be  defined  in  reasonable  detail,  a  large 
number  of  measurements  has  to  be  carried  out.  This  is  particularly  true  in  the  present  experiment,  as  both 
the  turbulent  boundary  layer  on  the  upper  and  lower  wing  surface  as  well  as  the  turbulent  wake  belong  to 
the  measurement  region.  Since  significant  spanwise  flow  variations  occur,  there  is  little  reason  for  a 
less  dense  measurement  grid  in  spanwise  direction.  The  proposed  grid  of  measurement  stations  is  shown  in 
figure  17.  The  position  of  the  stations  and  wall  pressure  holes  indicated  on  the  wing  holds  for  both  the 
upper  and  lower  surface. 

The  wing  surface  pressure  distribution  will  be  established  using  nearly  1000  wall  pressure  holes. 
Most  pressure  holes  are  situated  in  the  test  region,  between  20  %  and  80  Z  span  and  downstream  of  the  20  Z 
chord-line.  However,  some  additional  pressure  holes  have  been  included  in  the  wing  nose  region  and  the 
wing  root  and  tip  region  to  better  define  the  wing  flow  as  a  whole.  Mean  velocity  data  in  the  turbulent 
shear  layers  will  be  obtained  at  nearly  250  stations,  including  55  stations  in  the  wake  region  up  to  30  % 
chord  behind  the  wing  trailing  edge.  Turbulence  measurements  will  be  carried  out  at  over  100  stations.  It 
is  clear  that  the  proposed  test  program  is  very  extensive. 

A  typical  detail  measurement  program  for  a  station  including  turbulence  measurements  comprises: 

i)  Surface  pressure,  if  necessary  supplemented  by  static  pressure  probe  data  away  from  the  surface;  and 
at  a  few  scacicus  surface  pressure  fluctuation  measurements . 

ii)  Magnitude  and  direction  of  the  mean  velocity  in  the  shear  layers,  using  cobra-type  pressure  probes  of 
small  dimensions.  Supplementary  mean  flow  data  will  be  acquired  from  hot-wire  and  Laser  Doppler 
measurements. 

iii)  Reynolds  stress  tensor  components,  applying  hot-wire  anemometers,  probably  an  x-wire  as  well  as  a 
4-wire  configuration,  and  a  three-component  Laser-Doppler  anemometer. 

iv)  Skin  friction  magnitude  and  direction,  using  surface  hot  films  and  surface  pressure  probes  and 
occasionally  surface  oil  flow  for  the  skin  friction  direction. 

For  the  majority  of  the  flow  field  measurements  the  probe  will  be  traversed  from  outside  via  a  probe 
support  from  the  nearby  tunnel  wall.  No  probe  support  in  the  flow  is  needed,  of  course,  for  the  Laser- 
Doppler  measurements.  For  the  initial  stations  along  the  20  Z  chord-line  an  internal  traversing  mechanism 
will  be  applied  in  view  of  the  higher  positioning  accuracy  for  a  probe  supported  from  the  model.  This  is 
desirable  because  the  boundary  layer  is  expected  to  be  still  very  thin  along  the  initial  line,  notwith¬ 
standing  the  large  model  dimensions.  Figure  18  presents  the  boundary  layer  thickness  variation  at  two 
spanwise  stations,  as  calculated  by  RAE  for  the  final  model  design.  The  boundary  layer  along  the  initial 
line  on  both  wing  upper  and  lower  surface  is  predicted  to  be  only  approximately  5  mm  thick  for  the  larger 
of  the  two  models. 

In  view  of  the  typical  dimensions  of  a  hot-wire  and  a  Laser-Doppler  measurement  volume,  which  is  of 
the  order  of  1  mm,  and  the  sizz  of  the  energy-containing  turbulent  eddies  in  5  mm  thick  boundary  layers, 
there  seems  to  be  little  sense  in  measurements  of  the  Reynolds  stress  tensor  components  in  these  condi¬ 
tions.  Therefore,  besides  pressure  probes,  only  hot  wires  parallel  to  the  surface  will  be  applied  at  the 
initial  stations.  The  next  row  of  stations  for  turbulence  measurements  is  at  50  1  chord  and  the  boundary 
layer  thickness  is  nearly  20  mm  there,  so  that  the  determination  of  the  Reynolds  stress  components  is  more 
promising.  The  boundary  layer  thickness  attains  values  over  70  mm  locally  near  the  trailing  edge  according 
to  the  calculations.  The  thicknesses  quoted  hold  for  the  LST-model.  The  values  for  the  F2-model  are  40  % 
smaller. 

For  three-dimensional  boundary  layer  calculations  the  surface  pressure  distribution  must  be  known,  as 
well  as  the  viscous  flow  properties  along  the  initial  line  and  the  side  boundaries  with  inflow  (here 
especially  the  side  boundary  near  the  wing  root,  see  Fig.  10).  The  measurement  program  described  earlier 
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comprises  all  data  needed  to  perform  such  calculations  for  comparison  with  the  measurement  results.  It 
seems  sensible,  however,  to  make  comparison  calculations  also  possible  for  Navier-Stokes  solvers  and  for 
strong  viscous-inviscid  interaction  methods.  In  these  cases  generally  part  of  the  inviscid  flow  will  be 
included  in  the  computational  domain.  One  possible  procedure  is  to  define  a  test  volume,  which  includes 
part  of  the  inviscid  flow,  and  to  measure  in  the  experiment  the  appropriate  flow  quantities  on  the  test 
volume  boundaries  to  make  calculations  feasible.  Such  a  test  volume  is  indicated  in  figure  19  for  the  pre¬ 
sent  test  set-up.  The  advantage  of  a  restricted  test  volume  is  that  calculations  may  be  confined  to  the 
region,  where  ample  measurement  results  are  available,  and  which  is  well  accessible  for  calculations.  The 
wing  tip  flow  with  its  tip  vortex  and  the  flow  near  the  tunnel  wall  wing  root  junction  have  been  excluded 
from  the  test  volume  in  figure  19. 

Comparisons  of  calculations  with  measurements  in  restricted  test  volumes  seem  in  the  author1 s  opinion 
the  best  way  to  improve  systematically  the  empirical  content  of  calculation  methods.  In  comparisons  com¬ 
prising  a  whole  flow  a  large  number  of  possible  causes  for  discrepancies  between  calculation  and  measure¬ 
ment  results  will  generally  exist  and  will  hamper  drawing  of  rigid  conclusions.  Nevertheless  comparisons 
based  on  whole-flow  calculations  will  probably  remain  a  usual  procedure  and  should  consequently  be  pos¬ 
sible  also,  of  course.  The  natural  choice  for  the  domain  of  computations  seems  to  be  in  that  case  the  four 
tunnel  walls,  an  inflow  plane  upstream  of  the  wing  and  an  outflow  plane  far  downstream  (Fig.  19).  Definite 
decisions  on  the  preferred  boundary  conditions  for  comparison  calculations  have  not  yet  been  taken. 


6.  ADVANCE  CALCULATION  RESULTS 


The  theoretical  design  process  at  RAE  generated  also  boundary  layer  data  for  the  swept  wing  model 
designed.  Additional  data  were  obtained  by  RAE,  using  other  boundary  layer  calculation  methods  and  dif¬ 
ferent  empirical  assumptions  in  one  method.  Moreover  calculations  were  performed  by  ONERA-CERT  and  NLR. 
These  boundary  layer  calculations  were  all  based  on  the  same  surface  pressure  distribution  computed  by  RAE 
with  its  viscous-inviscid  interaction  method.  In  this  section  the  results  of  the  various  boundary  layer 
calculations  for  the  present  swept  wing  model  will  be  reviewed. 

First  some  results  of  calculations  carried  out  at  NLR  with  the  BOLA-method  (Lindhout  et  al  1981)  will 
be  discussed.  This  is  a  field  method  using  a  conventional  mixing  length  turbulence  model  (Michel  et  al 
1968).  Calculations  have  been  performed  with  different  initial  conditions  for  the  test  region  and  with 
different  mixing  length  values  in  the  outer  region  of  the  boundary  layer.  Figure  20  shows  the  calculated 
variation  along  the  wing  chord  of  the  boundary  layer  twist  angle,  0^  -  0^,  on  the  wing  upper  surface  at 
62  7o  span.  The  results  indicate  that  the  effect  of  reducing  the  boundary  layer  momentum  thickuess  along 
the  initial  line  with  15  %  is  not  very  large.  On  the  other  hand  reducing  the  mixing  length  in  the  outer 
region  with  a  factor  /2,  which  corresponds  to  a  reduction  of  the  outer  eddy  viscosity  with  a  factor  2, 
appears  to  have  a  very  large  effect,  the  twist  angles  being  essentially  larger  with  the  mixing  length  re¬ 
duced. 

The  large  effect  of  changing  the  mixing  length  in  the  boundary  layer  outer  region  is  illustrated 
further  In  figure  21,  which  shows  the  computed  wall  streamlines  on  the  wing  upper  surface  for  both  mixing 
length  values.  The  wall  streamlines  calculated  with  the  smaller  mixing  length  actually  compare  better  with 
the  oil  flow  pattern  obtained  in  the  pilot  tests  (Fig.  13).  Figure  22  shows  the  computed  wall  streamlines 
on  the  wing  lower  surface  for  the  standard  and  reduced  mixing  length  value.  Again  it  is  evident  that  the 
calculated  amount  of  twist  in  the  boundary  layer  is  strongly  affected  by  the  turbulence  model  assumptions 
made.  It  may  be  concluded  that  for  the  viscous  flow  development  on  this  swept  wing  the  Reynolds  stresses 
play  an  essential  role. 

A  large  effect  of  the  empirical  assumptions  made  is  also  suggested  by  the  large  differences,  which 
have  been  found  between  the  results  of  various  boundary  layer  calculation  methods  for  this  flow.  Figure  23 
compares  the  results  of  7  calculations  of  the  twist  angle  variation  along  the  62  %  span  station  on  the 
wing  upper  surface.  The  graph  at  the  left  contains  the  results  of  field  method  calculations,  namely  the 
NLR  BOLA  method  discussed  earlier  and  two  versions  of  a  method  from  ARA  (Johnston  1987).  The  ARA  method 
employs  either  the  standard  eddy  viscosity  model  of  Cebeci  and  Smith  (1974)  or  a  modified  eddy  viscosity 
model,  which  was  developed  to  Improve  comparisons  with  available  experimental  data  in  three-dimensional 
flows.  It  is  evident  from  figure  23  that  this  modification  of  the  turbulence  model  leads  to  a  substantial 
Increment  of  the  predicted  twist  angles.  A  similar  increment  was  found  by  a  mixing  length  reduction  in  the 
NLR  BOLA  method  (Fig.  20). 
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The  other  graph  in  figure  23  shows  the  predictions  of  several  boundary  layer  integral  methods.  All 
integral  methods  involved  are  of  the  entrainment  type.  The  BAE  method  due  to  Cross  (1979)  is  the  viscous 
method  used  in  the  viscous-inviscid  interaction  calculations  for  the  theoretical  model  design.  Two  version 
of  RAE  method  have  been  applied,  one  version  allowing  for  turbulence  history  effects  through  a  lag-en¬ 
trainment  equation  (Smith  1972,  1981).  The  ONERA-CERT  method  is  based  on  an  analysis  of  similarity  solu¬ 
tions,  from  which  the  velocity  profiles  and  the  entrainment  relation  are  derived  (Cousteix  1986).  Though 
the  differences  between  the  computed  twist  angles  may  seem  less  than  for  the  field  methods,  they  are  sig¬ 
nificant.  The  calculation  results  suggest  that  the  experiment  might  become  a  difficult  test  case  for  cal¬ 
culation  methods,  discriminating  effectively  the  correctness  of  the  empirical  assumptions  in  the  methods. 


CONCLUDING  REMARKS 

The  viscous  flow  in  the  planned  GARTEUR  experiment  seems  to  have  many  interesting  features  and  may  be 
expected  to  provide  an  extensive  and  useful  data  base  for  turbulence  modelling  in  three-dimensional 
boundary  layers  and  wakes. 

In  the  experiment  several  independent  checks  of  the  measurement  data  will  be  performed,  so  that  the 
confidence  level  of  the  data  obtained  may  be  assumed  to  be  established. 

The  actual  measurements  will  not  start  before  1989  and  the  successful  completion  of  the  experiment 
still  demands  a  considerable  effort  from  the  European  research  institutes  involved. 


8  ACKNOWLEDGEMENT 


The  experiment  discussed  in  this  paper  is  a  collaborati ve  project  performed  within  the  GARTEUR  orga¬ 
nization  and  the  author  wishes  to  acknowledge  the  essential  contributions  of  his  fellow-members  in  the 
GARTEUR  Action  Group  AD  (AG  07)  and  their  associates  (A.  Bertelrud,  E.  Totland,  FFA;  J.  Cousteix, 
C.  Cleyzes ,  ONERA-CERT;  M.C.P.  Firmin,  M. A.  McDonald,  RAE;  H.U.  Meier,  H.P.  Kreplin,  DFVLR;  J.H.M.  Gooden, 
A.C.  de  Bruin,  NLR) . 


9.  REFERENCES 

Abid,  R.,  1988  -  "Extension  of  the  Johnson-King  turbulence  model  to  the  3D  flows".  AIAA  Paper  88-0223. 

Anderson,  S.D.,  Eaton,  J.K.,  1987  -"  An  experimental  investigation  of  pressure  driven  three-dimensional 
turbulent  boundary  layers".  Stanford  Un.  Thermo  Div.  Rep.  MD-49. 

Berg,  B,  van  den,  1982  -  "Some  notes  on  three-dimensional  turbulent  boundary  layer  data  and  turbulence  mo¬ 
delling".  Proc.  IUTAM  Symp.  on  "Three-dimensional  turbulent  boundary  layers",  Berlin,  eds.: 
H.H.  Fernholz,  E.  Krause. 

Berg,  B,  van  den,  1988  -  "Physical  aspects  of  3D  separated  boundary  layer  flows".  In:  "Calculations  of  3D 
separated  turbulent  flows  in  the  boundary  layer  limit",  ed.:  H.  N^rstrud.  AGARD  report  to  be  published. 

Berg,  B.  van  den,  Elsenaar,  A.,  1972  -  "Measurements  in  a  three-dimensional  turbulent  boundary  layer  under 
infinite  swept  wing  conditions".  NLR  TR  72092  U. 

Berg,  B.  van  den,  Humpreys,  D.A.,  Krause,  E.  ,  Lindhout ,  J.P.F.,  1987  -  "Comparison  of  three-dimensional 
turbulent  boundary  layer  calculations  with  experiment.  The  Eurovisc  1982  Berling  Workshop".  Notes  on 
Numerical  Fluid  Mechanics,  Vol.  19,  Vieweg  Verlag. 


25-12 


Bissonnette,  L.R.,  Mellor,  G.L.,  1974  -  "Experiments  on  the  behaviour  of  an  axisymmetric  turbulent 
boundary  layer  with  a  sudden  circumferential  strain".  J.  Fluid  Mech.  63,  369. 

Bradshaw,  P.,  1973  -  "Effects  of  streamline  curvature  on  turbulent  flow".  AGARDograph  No.  169. 

Bradshaw,  P.,  Pontikos,  N.S.,  1985  -  "Measurements  in  the  turbulent  boundary  layer  on  an  "infinite"  swept 
wing".  J.  Fluid  Mech.  159,  105. 

Bradshaw,  P.,  Terrell,  M.G.,  1969  -  "The  response  of  a  turbulent  boundary  layer  on  an  "infinite"  swept 
wing  to  the  sudden  removal  of  pressure  gradient".  NPL  Aero  Rep.  1305. 

Cebeci,  T. ,  Smith,  A.M.O.,  1974  -  "Analysis  of  turbulent  boundary  layers".  Academic  Press. 

Cousteix,  J.,  1986  -  "Three-dimensional  boundary  layers:  introduction  to  calculation  methods".  AGARD 
Report  No.  741. 

Cousteix,  J.,  Pailhas,  G.  ,  1983  -  "Three-dimensional  wake  of  a  swept  wing".  Proc.  IUTAM  Symp.  on 
"Structure  of  complex  turbulent  shear  flow",  Marseille,  eds:  R.  Dumas,  L.  Fulachier. 

Cross,  A.G.T.,  1979  -  "Calculation  of  compressible  three-dimensional  turbulent  boundary  layers  with 

particular  reference  to  wing  and  bodies".  BAE  Brough  Rep.  YAD  3379. 

Dechow,  R. ,  Felsch,  K.O.,  1977  -  "Measurements  of  the  mean  velocity  and  of  the  Reynolds  stress  tensor  in  a 
thrce-Jimensional  turbulent  boundary  layer  induced  by  a  cilinder  standing  on  a  flat  wall".  Symp.  on 
"Turbulent  shear  flows",  University  Park. 

Driver,  D.M.,  Hebbar,  S.K.,  1987  -  "Experimental  study  of  a  three-dimensional,  shear-driven,  turbulent 
boundary  layer  using  a  three-dimensional  Laser  Doppler  velocity  meter".  AIAA  J.  25,  35. 

East,  L.F.,  Sawyer,  W.G.,  1979  -  "Measurements  of  turbulence  ahead  of  a  45“  swept  step  using  a  double 
split-film  probe".  RAE  TR  76136. 

Elsenaar,  A.,  Boelsma,  S.H.,  1974  -  "Measurements  of  thf  Reynolds  stress  tensor  in  a  three-dimensional 
turbulent  boundary  layer  under  infinite  swept  wing  conditions".  NLR  TR  74095  U. 

Femiiolz,  H.H.,  Vagt,  J.D.,  1981  -  "Turbulence  measurements  in  an  adverse-pressure-gradient  three-dimen¬ 
sional  turbulent  boundary  layer  along  a  circular  cylinder".  J.  Fluid  Mech.  Ill,  233. 

Firmin,  M.C.P.,  McDonald,  M.A.,  1988  -  "The  design  of  the  GARTEUR  low  aspect-ratio  wing  for  use  in  the 
validation  of  shear  layer  and  overall  flow  prediction  methods".  AGARD  Conf.  Proc.  No.  437. 

Fulachier,  L.,  Arzoumanian,  E.  ,  Dumas,  R. ,  1982  -  "Effect  on  a  developed  turbulent  boundary  layer  of  a 
sudden  local  wall  motion".  Proc.  IUTAM  Symp.  on  "Three-dimensional  turbulent  boundary  layers",  Berlin, 
eds.;  H.H.  Femholz,  E.  Krause. 

Grande,  G.  de,  Hirsch,  C. ,  1987  -  "Three-dimensional  incompressible  turbulent  boundary  layers".  Free  Univ. 
Brussels,  Internal  Rep.  VUB-STR-8. 

Humpreys,  D.A.,  1979  -  "Comparison  of  boundary  layer  calculations  for  a  wing:  The  May  1978  Stockholm 
Workshop  test  case".  FFA  TN  AE-1522. 

Johnson,  D.A.,  King,  L.S.,  1985  -  "A  mathematically  simple  turbulence  closure  model  for  attached  and 
separated  turbulent  boundary  layers".  AIAA  J.  23,  1684. 


25-13 


Johnston,  J.P.,  1970  -  "Measurements  in  a  three-dimensional  turbulent  boundary  layer  induced  by  a  swept 
forward-facing  step".  J.  Fluid  Mech.  42,  823. 

Johnston,  L.J.,  1987  -  "A  numerical  method  for  three-dimensional  compressible  turbulent  boundary  layer 
flow".  Conf.  on  Numerical  Methods  in  Laminar  and  Turbulent  Flow,  Montreal. 

Lindhout,  J.P.F.,  Berg,  B.  van  den,  Elsenaar,  A.,  1980  -  "Comparison  of  boundary  layer  calculations  for 
the  root  section  of  a  wing:  The  September  1979  Amsterdam  Workshop  test  case".  NLR  MP  80028  U. 

Lindhout,  J.P.F.,  Moek,  G. ,  Boer,  E.  de,  Berg,  B.  van  den,  1981  -  "Method  for  the  calculation  of 
three-dimensional  boundary  layers  on  practical  wing  configurations".  J.  Fluids  Eng.  103,  104. 

Lohmann,  R.P.,  1976  -  "The  response  of  a  developed  turbulent  boundary  layer  to  local  transverse  surface 
motion",  J.  Fluids  Eng.  98,  354. 

Malik,  M.R. ,  Poll,  D.I.A.,  1985  -  "Effect  of  curvature  on  three-dimensional  boundary  layer  stability". 
AIAA  J.  23,  1362. 

Michel,  R. ,  Quemard,  C.,  Durant,  R.,  1968  -  "Hypotheses  on  the  mixing  length  and  application  to  the  calcu¬ 
lation  of  the  turbulent  boundary  layer".  AFOSR-IFP  Stanford  Conf.,  eds.:  S.J.  Kline,  M.V.  Morkovin, 
G.  Sovran,  D.J.  Cockrell. 

Morkovin,  M.V.,  1964  -  "Effect  of  compressibility  on  turbulent  flow".  In:  "The  mechanics  of  turbulence", 
ed.:  A.  Favre. 

Muller,  U.,  Krause,  E. ,  1979  -  "Measurements  of  mean  velocities  and  Reynolds  stresses  in  an  incompressible 
three-dimensional  turbulent  boundary  layer".  Symp.  on  "Turbulent  shear  flows",  London. 

Narasimha,  R. ,  Sreenivasan,  K.R.,  1979  -  "Relaminarisation  of  fluid  flows".  Advances  on  Applied  Mechanics, 
Vol.  19.  Academic  Press. 

Patel,  V.C.,  Baek,  J.H.,  1987  -  "Boundary  layers  in  planes  of  symmetry";  Part  I:  "Experiments  in  turbulent 
flow".  AIAA  J.  25,  550. 

Pierce,  F.J.,  Duerson,  S.H.,  1975  -  "Reynolds  stress  tensors  in  an  end-wall  three-dimensional  channel 
boundary  layer".  J.  Fluids  Eng.  98,  768. 

Pierce,  F.J.,  Ezekwe,  C.I.,  1975  -  "Turbulent  stress  tensors  in  a  three-dimensional  boundary  layer".  Virg. 
Polytechn.  Inst.  Rep.  VPI-E-75-1. 

Poll,  D.I.A.,  1979  -  "Transition  in  the  infinite  swept  wing  attachment  line  boundary  layer".  Aeronaut. 
Quart.  30,  607. 

Smith,  P.D.,  1972  -  "An  integral  prediction  method  for  three-dimensional  compressible  turbulent  boundary 
layers".  ARC  R.  &  M.3739. 

Smith,  P.D.,  1981  -  "Calculation  with  the  three-dimensional  lag-entrainment  method".  Proc.  SSPA-1TC 

Workshop  on  Ship  Boundary  Layers,  ed.:  L.  Larsson. 

Stratford,  B.S.,  1959  -  "An  experimental  flow  with  zero  skin  friction  throughout  its  region  of  pressure 
rise".  J.  Fluid  Mech.  5,  17. 


BISSONETTE,  MELLOR,  1974 
LOHMANN,  1376 

FULACHIER.  ARZOUMANIAN.  DUMAS.  1982 
DRIVER.  HE8BAR.  1987 


PIERCE,  OUERSON,  1975 
PIERCE,  EZEKWE,  1975 
OE  GRANDE,  HIRSCH,  1978 
FERNHOLZ.VAGT,  1980 


JOHNSTON,  1970 
OECHOW,  FELSCH,  1977 
EAST,  SAWYER,  1978 
ANDERSON,  EATON,  1987 


BRADSHAW,  TERRELL,  1969 
VAN  OEN  BERG.  ELSENAAR.  1972 
MULLER.  KRAUSE,  1979 
COUSTEIX.PAILHAS,  1983 
BRADSHAW,  PONTIKOS,  1986 


Fig.  1  Previous  turbulence  measurements  in  3D 
thin  shear  layers 


Fig.  2  Measured  direction  of  velocity,  3,  velocity 
gradient,  3g,  and  turbulent  shear  stress, 
3t,  in  Anderson/Eaton  experiment 


x!0"3 


Fig.  3  Comparison  of  measured  turbulent  shear  stresses  and  calculated  stresses  using  a  conventional 
mixing  length  turbulence  model  (from  Anderson  and  Eaton,  1987) 


VAN  DEN  BERG,  ELSENAAR  EXPERIMENT 


BRADSHAW,  PONTIKOS  EXPERIMENT 


Pig.  4  Measured  direction  of  velocity,  velocity  gradient  and  turbulent  shear  stress  in  two  similar 
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VAN  OEN  BERG.  ELSENAAR  EXPERIMENT 


i)  FLOW  PHYSICS  EXPERIMENT 


LAUSANNE 
CURVED  DUCT 


REGION  UNAFFECTED 
BY  CORNER  FLOW 


ii)  PHYSICAL  MODELLING  EXPERIMENT 


CARTE  UR 
SWEPT  WING 


Fig.  5  Measured  turbulent  shear  stress  magnitude,  Fig.  6  Collaborative  European  3D  shear  layer 

I  T  |  =  (Tx+t|)^,  and  a  comparison  with  cal-  experiments 

culations  using  a  conventional  eddy  vis¬ 
cosity  turbulence  model 


F-2  WIND  TUNNEL  IN  FRANCE 


Fig.  7  Sketch  of  the  GARTEUR  swept  wing  models  in 
_ two  European  wind  tunnels _ 


Fig.  8  Streamwise  sections  of  the  designed  swept 
wing  at  several  spanwlse  stations 


UPPER  AND  LOWER  WING  SURFACE 
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17  Position  of  wall  pressure  holes  and 
shear  layer  measurement  stations 


Fig.  19  Proposed  calculation  domains  for 

Navier-Stokes  and  viscous-inviscid 
interaction  methods 
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Fig.  18  Turbulent  boundary  layer  thickness  according  to  RAE  calculations 


CALCULATIONS  WITH  NLR  SOLA  METHOD 

- STANDARO  MIXING  LENGTH  TURBULENCE  MODEL 

- MIXING  LENGTH  IH  OUTEH  REGION  REDUCED  WITH  FACTOR  V2 


Fig.  21  Wall  streamlines  on  wing  upper  surface 

calculated  with  standard  and  reduced  mix¬ 
ing  length  in  boundary  layer  outer  region 


CALCULATIONS  WITH  NLR  SOLA  METHOD 

- STANDARD  MIXING  LENGTH  TURBULENCE  MODEL 

- MIXING  LENGTH  IN  OUTER  REGION  REDUCED  WITH  FACTOR  ^2 


Fig.  22  Wall  streamlines  on  wing  lower  surface 

calculated  with  standard  and  reduced  mix¬ 
ing  length  in  boundary  layer  outer  region 


Fig.  23  Boundary  layer  twist  angle  variations  on  wing  upper  surface  at  62%  span  according  to  several 
calculation  methods 
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TURBULBNCE  MODELLING  OF  THREB-DIMBNSIONAL  SHEAR  FLOWS 

by 

B.E.  Launder 

Department  of  Mechanical  Engineering,  UMIST, 

P.O.  Box  88,  Manchester  M60  1QD,  U.K. 


SUMMARY 

The  paper  considers  aspects  of  modelling  the  turbulent  stress  field  in  three-dimensional  strain  fields. 
Especial  emphasis  is  given  to  the  level  of  modelling  known  as  second-moment  closure  in  which,  in  place  of 
an  isotropic  effective  viscosity,  non-linear  constitutive  equations  are  solved  for  each  of  the  non-zero 
turbulent  stresses.  The  advantages  of  this  approach  over  the  simpler  eddy-viscosity  modelling  are 
strikingly  brought  out  by  examples  of  swirling  free  and  confined  flows  and  three-dimensional  flows  in 
straight  and  curved  ducts.  The  paper  finally  considers  what  impact  certain  fundamental  studies  now  still 
in  progress  might  have  in  the  future  on  improving  the  realism  of  computations  of  three-dimensional 
turbulent  flows. 


1.  INTRODUCTION 

Turbulence  is  intrinsically  a  three-dimensional  phenomenon  and  the  main  effects  of  mean  flow 
three-dimensionality  on  the  turbulence  structure  arise  from  the  action  of  the  complex  mean  strain  field  on 
the  fluctuating  motion.  This  action  will  affect  both  the  level  of  the  Reynolds  stresses  and  the 
characteristic  time  scale  or  scales  of  the  energy-containing  motions.  The  aim  of  the  present  contribution 
is  to  convey  a  flavour  of  how  well  turbulence  models  developed  largely  by  reference  to  two-dimensional 
flows  succeed  in  allowing  the  prediction  of  three-dimensional  strain  fields.  Inevitably  the  outcome  will  be 
an  incomplete  view  biased  to  those  few  areas  within  the  vast  domain  of  the  subject  where  the  writer  has 
first-hand  experience. 

If  one  accepts  that  it  is  the  complexity  of  the  mean-strain  field  rather  than  the  number  of 
independent  variables  required  to  describe  the  flow  that  brings  difficulty  to  the  task  of  modelling  the 
turbulent  stresses,  one  concludes  that  some  searching  model  teats  can  be  applied  by  considering  what, 
from  a  numerical  point  of  view,  are  relatively  simple  flows.  Thus,  fully-developed  flow  in  a  rectangular 
duct  offers  equally  as  severe  a  model  test  as  the  developing  three-dimensional  flow  in  a  90°  corner. 
Likewise  swirling  jets,  while  possessing  an  axis  of  symmetry,  are  just  as  difficult  to  predict  as  any 
generally  three-dimensional  free  shear  flow.  Thus,  in  trying  to  infer  the  probable  success  of  different 
modelling  approaches  in  fully  three-dimensional  flows,  it  is  very  appropriate  to  consider  their  performance 
in  generically  similar  but  computationally  simpler  flows. 

It  is  beyond  the  scope  of  the  paper  to  provide  a  detailed  review  of  turbulence  modelling. 
Nevertheless  the  main  types  of  model  and  the  principal  closure  issues  are  briefly  summarized  in  Section  2. 
Section  3  is  devoted  to  a  presentation  of  the  outcome  of  applying  turbulence  models  of  different  levels  to 
three-dimensional  flows.  The  examples  are  chosen  as  far  as  possible  to  discriminate  between  capabilities  of 
different  types  of  model.  Finally  in  Section  4  a  brief  account  is  given  of  very  recent  developments  in 
second-moment  closure.  While  these  new  model  forms  have  so  far  been  subject  to  only  a  limited  amount  of 
testing,  the  additional  physics  built  into  these  schemes  should,  in  the  medium  term,  lead  to  marked 
improvements  in  the  reliability  with  which  aeronautical  three-dimensional  flows  can  be  predicted. 


2.  TURBULENCE  MODELLING  -  STANDARD  APPROACHES 
2.1  Eddy-Viscosity  Models 

One  might  argue  that  only  a  blind  optimist  or  a  simpleton  would  expect  a  model  based  on  the  notion 
of  an  isotropic  eddy  viscosity  to  give  adequate  predictions  of  a  turbulent  shear  flow  when  more  than  one 
Reynolds-stress  component  is  directly  influential.  Yet,  such  is  the  pressure  to  adopt  as  simple  a  form  as 
possible  for  the  physical  model  (in  order  to  deploy  one’s  human  and  computer  resources  to  overcoming 
problems  related  to  numerical  aspects)  that  modelling  at  this  level  is  still  universally  accepted  as  the 
starting  point  -  and  quite  probably  the  finishing  point  -  for  threee-dimensional  flow  calculations. 

The  simplest  and  still  a  widely  used  approach  is  the  following  generalization  of  Prandtl’s 
mixing-length  hypothesis,  MLH  [1]: 


where  U;  is  a  component  of  mean  velocity  and  Jm  is  the  mixing  length  to  be  prescribed  by  the  user.  This 
form  has  in  the  past  been  extensively  used  in  predicting  simple  shear  flows.  What  is  important  in  the 
present  context  is  that  it  has  also  been  found  very  effective  in  predicting  flows  near  spinning  surfaces 
where  there  exist  strong  radial  and  circumferential  velocity  components  whose  relative  magnitude  changes 
rapidly  with  distance  from  the  wall  [2,3).  In  the  vicinity  of  these  surfaces  the  mixing-length  variation  has 
been  described  by  the  Van  Driest  [4]  version  of  the  MLH  or  some  variant  of  it: 

9m  =0.41y(l  -  exp  -  y2gT  ]  (2) 

In  Van  Driest's  original  form  r*  =  1  while,  in  the  modified  version  of  refs.  [2]  and  [3),  r*  =  (t/tw)%, 
where  r  is  the  total  (viscous  plus  turbulent)  shear  stress  at  distance  y  from  the  surface  in  the  flow 
direction. 

The  above  treatment  can  be  highly  effective  in  the  computation  of  flows  in  (stationary)  curved  ducts 
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where  radial  pressure  gradients  induce  a  strong  secondary  flow  with  peak  velocities  being  reached  in  the 
semi-viscous  sublayer.  In  these  circumstances  the  use  of  Eqs.(l)  and  (2)  to  handle  flow  in  the  immediate 
wall  vicinity  is  much  superior  to  assuming  a  universal  logarithmic  velocity  profile  near  the  wall.  This  fact 
can  be  inferred  from  the  computations  submitted  to  the  1980/81  Stanford  Conference  (the  90°-bend,  Test 
Case  0510)  [5]  and  some  comparative  commutations  of  Choi  et  al  [6]  presented  later. 

While  the  mixing-length  hypothesis  remains  useful  for  handling  flows  in  the  vicinity  of  walls,  in  the 
outer  regions  of  boundary  layers  or  in  free  flows  the  much  greater  importance  of  transport  effects  on 
turbulence  and  the  associated  difficulty  of  linking  to  local  geometry  means  that  transport-equation 
models  for  have  usually  been  preferred.  While  one-equation  models  have  sometimes  been  applied  in 
two-dimensional  flows,  the  route  most  commonly  followed  in  three-dimensional  shear  flows  is  that  where  two 
scalar  properties  of  turbulence  are  obtained  by  way  of  transport  equations.  While,  in  principle,  any  two 
variables  providing  characteristic  time  and  length  scale  for  the  turbulence  could  form  the  subjects  of 
transport  equations,  it  is  nearly  always  the  so-called  k-€  model  [7]  that  is  adopted,  the  dependent 
variables  being  the  turbulent  kinetic  energy  k  and  its  rate  of  viscous  dissipation  e.  The  usual  closed 
forms  for  a  uniform  density  flow  unaffected  by  body  forces  are: 


Dk  3  rr  Vtl3k  -  3U* 

Dt  dxfc  1 i  t+OjJ  3xj<  uiuj  3xj 


[kr  3  r  <  v  ^  3c 

Dt  3x^  ( i  1 3\k 
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From  the  resultant  values  of  k  arid  c  the  turbulent  viscosity  is  determined  from: 

Vt  -  kVc  (5) 

(The  standard  values  for  the  empirical  coefficients  appear  iri  Table  1).  While  the  form  given  is  designed  to 
apply  only  within  fully  turbulent  fluid,  versions  of  the  model  (including  the  original  proposal  [7]) 
specifically  address  the  treatment  of  the  near-wall  sublayer.  A  comparative  assessment  of  these 
low-Rey nolds-number  forms  has  been  carried  out  by  Patel,  Rodi  and  Scheuerer  [8]  and,  in  the  context  of 
buoyantly  driven  flow  near  walls,  by  Betts  arid  Dafn’Alla  [9]. 


r€t 

r 

1 

rU 

°e 

°k 

1.44 

1.92 

0.09 

1.3 

1.0 

Table  1 


A  number  of  additional  source  terms  have  been  proposed  for  the  dissipation  equation  designed  to 
overcome  some  perceived  weakness  of  the  standard  model  for  particular  flow  situations.  Unfortunately,  the 
cure  usually  gives  rise  to  worse  performance  for  some  other  class  of  flows.  What  may  prove  to  be  an 
exception  to  this  pattern  concerns  separated  flows  or  boundary  layers  approaching  separation.  Here  it  is 
found  that  Eq.(4)  produces  too  large  viscosity  levels  [10,11]  giving  rise  to  too  high  values  of  skin  friction 
coefficient  and,  where  heat  transfer  is  occurring,  of  NJusselt,  number.  Our  experience  at  UMIST  [12]  is  that 
the  addition  of  the  term 


Max 


10.83 


g;[k3,? 

k  19P  c 


to  the  right  side  of  Fq.(4)  greatly  improves  the?  predicted  behaviour  in  some  circumstances  and  has,  so 
far,  produced  no  example  of  a  worsening  of  agreement.  The  term  is  the  length  scale  in  local 

equilibrium  (taken  as  2.5  times  the  distance  from  the  wall).  Tn  local  equilibrium  -  where  the  standard  € 
equation  gives  sat  isfactor.v  behaviour  k^/c  equals  Pe  and  the  correction  term  is  zero.  When,  however,  the 
length  scale  k3/^/e  is  larger  than  the  equilibrium  value,  the  additional  source  term  is  positive  arid  thus  the 
near-wall  level  of  c  is  raised,  reducing  the  kinetic  energy  and  V 


2.2  Second-Moment  Closure 


While  the  r-onvenienee  of  eddy- viscosity  approaches  will  ensure  their  continued  use  throughout  this 
century,  an  increasing  effort  is  now  being  made  towards  including  second-moment  closures  into 
flow-solving  schemes  for  three-dimensional  flows.  The  rapid  increase  in  the  available?  computer  core  is 
accelerating  this  trend. 


Briefly,  with  a  second -moment  closure,  one  focuses  on  the  equation  describing  the  rale  of  change  of 
the  Reynolds  stress.  An  exact  form  of  such  an  equation  is  readily  obtained  by  taking  a  velocity-weighted 
moment,  of  the  Mavi^r-Sfokes  equations  arid,  in  short- hand  form,  the?  result  may  be;  written: 


Du  ju  j 

In” 


>  J 


i  J 
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On  I  he  right  of  Eq.(6)  the  indicated  terms  denote  iri  turn:  the  net.  diffusive  gain  by  diffusion,  the  rati?  of 
creation  of  uju j  by  the  action  of  mean  shear  (Pjj)  and  force  fields  (Fjj),  the  "redistribution"  of  u] u j  by 
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pressure  fluctuations  (the  so-called  pressure-strain  process)  and  the  destruction  of  ujuj  by  viscous  action. 
If  the  equation  is  contracted  (i.e.  if  one  sums  the  diagonal  elements)  the  equation  for  (twice)  k  is 
recovered,  the  term  being  formally  zero. 

As  argued  in  an  earlier  AGARD  contribution  (13],  the  main  reason  for  expecting  that  a  second-moment 
closure  should  achieve  substantially  greater  breadth  of  predictive  power  than  an  eddy- viscosity  model  is 

that  the  generative  agencies  P;j  and  F;j  may  be  handled  without  approximation.  Thus 


3U; 


,  —  ouj  —  aUj . 

Pjj  s  -  j  UjUk  ^  +  ujuk  i  revea^s  precisely  how  the  components  of  the  strain  field  interact  with  the 

Reynolds  stress  field  to  affect  the  stress  generation  rate. 


Granted  one  starts  by  considering  the  exact  transport  equation  for  ujuj!  but  how  does  one  proceed 
from  this  consideration  to  a  practical  model?  The  very  simplest  step  (14]  might  be  to  Buppose  that  the 
anisotropic  stress  is  proportional  to  the  anisotropic  generation  rate  times  a  turbulent  time  scale: 

(^J  -  i  SijkJ  -  |  (Pij  -  i  SU  p]  (7) 

The  subtleties  of  the  Pjj  tensor  mean  that  this  relatively  simple  constitutive  equation  nevertheless  captures 
with  a  good  deal  more  fidelity  than  the  eddy-viscosity  relation  the  response  of  the  stress  field  to  a 
complex  strain  field.  Indeed,  Eq.(7)  can  be  regarded  as  the  simplest  form  of  algebraic  second-moment 
closures  (ASM)  -  of  which  more  will  be  said  shortly. 


If  one  decides  to  proceed  to  a  formal  closure  of  the  stress  transport  equation,  approximations  must  be 
devised  for  djj,  and  In  most  circumstances  diffusive  transport  of  uju j  does  not  appear  to  have  an 

appreciable  influence  on  the  mean  field  -  consequently,  rather  simple  gradient  diffusion  forms  are  adopted; 
for  example: 


a  fUkuJ  k  a  uiuj] 
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due  to  Daly  and  Harlow  f 15 ]  or  the  still  simpler 
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with  values  of  cB  and  og  of  about  0.2  and  1.0  respectively. 

The  dissipative  tensor  is  nowadays  universally  represented  as 


-ij 


-  I* 
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(10) 


which  assumes  either  an  isotropic  fine-scale  motion  or,  at  any  rate,  imagines  any  departures  from  local 
isotropy  to  have  been  absorbed  in  Gy  [16].  The  main  task  in  closure  iB  thus  to  provide  an  approximation 
for  the  pressure-strain  process.  The  term  is  represented  in  two  parts:  a  "turbulence"  part  #,-j1  and  a 
"mean-strain"  (or  "rapid")  part  Owj.  In  three-dimensional-flow  calculations  Rotta’s  [17]  simple  linear  model 
for  *jjj  has  nearly  always  been  adopted: 


"iji  =  “ci  |  [uiuj  -  I-  sij  k 
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where  Cj  has  usually  been  taken  as  constant  with  a  value  around  2.0.  Mean-strain  effects  are  habitually 
modelled  using  one  of  two  approaches,  either  the  ”isotropization-of-production"  model  [18]: 


*ij2  — c2  (pi j  ■§"  sij  p] 

or  the  "quasi-isotropic  model"  [19,20,21] 
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In  Eq. (13)  D;j  denotes  ~(u;uk  3Uk/3xj  +  ujuk  3Uj,/3xj),  while  the  coefficients  <x,  p  and  Y  are  linearly 
related  to  a  further  constant  whose  value  may  be  tuned  to  secure  best  agreement  with  experiment.  Eq.(13) 
is  in  fact  exactly  correct  in  the  case  of  suddenly  strained  iBotropic  turbulence  ( u;uj  =  Sjj  k)  irrespective 
of  the  value  adopted  for  this  coefficient.  Eq.(12)  also  satisfies  the  isotropic  limit  but  only  for  c2  -  0.6. 
Despite  'he  apparently  greater  generality  of  Eq.(13),  our  experience  (and  that  of  other  groups)  has  been 
that  !!q.(12)  provides  a  more  reliable  approximation  (with  c2  set  to  satisfy  the  isotropic  limi*),  particularly 
if  a  simple  generalization  is  made  to  it  as  described  below. 


Strictly  Pjj  ought  not  to  appear  on  its  own  as  a  surrogate  for  a  process  in  the  exact  Reynolds-stress 
equation  because  its  transformation  properties  differ  from  that  of  the  equation  as  a  whole.  If  one  rotates 
the  coordinate  frame  about  an  axis,  for  a  given  shear  flow  the  perceived  I  will  alter  depending  on  the 
rotation  rate,  whereas  the  Navier-Stokes  equations  do  not.  Now,  in  a  rotati  .  refrrence  frame  additional 
(Coriolis)  terms  appear  in  Fj:  -  but,  even  so,  ‘.he  quantity  (Pjj  +  Fjj)  still  depends  on  the  rotation  rate. 
However,  the  group  (Py  +  F j ;  -  Cjj)  (where  Cjj  is  the  convective  transport  tensor  Uk  3u;Uj/3xk)  is 
entirely  independent  of  the  rotation  of  the  reference  frame.  It  is  what  is  known  as  an  objective  tensor. 
It  is  thus  plausible  that  in  place  of  Pj j  in  Eq.(12)  we  should  adopt  ( Pj j  +  Fjj  -  Cjj).  That  is: 
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^ij2  =  c2  [  CPi  j  +  ^ij  cij]  ^  ^ij  C^kk  +  Fkk  ckk^  ]  (14) 

Applications  of  this  form  to  strongly,  swirling  flows  have  been  considered  in  references  [22]  and  [23],  from 
which  an  example  is  drawn  in  Section  3.  Incidentally,  in  non-swirling  flows  (Cjj  -  Sjj  C^fc)  is  generally 
much  smaller  than  (Pjj  -  -J-  Sjj  Pkk^*  80  Eq.(14)  effectively  reduces  to  Eq.(12). 

With  any  of  the  above  models  for  <$jj  an  additional  term  needs  to  be  added  to  handle  flows  in  the 
vicinity  of  walls.  According  to  conventional  wisdom,  the  process  is  associated  with  turbulent  pressure 
reflections  from  the  rigid  surface  effectively  impeding  the  ’’redistribution"  of  fluctuating  velocities  to  the 
coordinate  direction  normal  to  the  wall.  Specific  proposals  for  including  wall-echo  terms  have  been 

proposed  in  [21]  and  [241,  the  former  version  being  designed  for  use  with  Gq.(13),  the  latter  with  Eqs.(12) 
and  (14).  Both  proposals  relate  to  plane  infinite  walls.  For  the  case  where  two  walls  abutt  at  right 
angles,  Reece  [25]  has  adopted  a  linear  superposition  of  the  effects  of  the  two  walls.  A  generalization  of 
this  approach  retaining  a  similar  methodology  has  been  advanced  by  Gessner  and  Eppich  [26]  but  has  not 
so  far  been  tested. 

None  of  the  above  proposals  e  pplies  to  the  semi-viscous  region  in  the  vicinity  of  the  wall.  While 
"low-Reynolds-number”  second-mome  it  closures  have  been  used  in  two-dimensional  shear  flows,  e.g. 
[27,28,29],  in  three-dimensional  flows  near  walls  either  "wall  functions"  or  some  simpler  eddy-viscosity 

model  (usually  the  MLH)  has  been  adopted. 

In  three-dimensional-flow  studies  it  has  been  common  to  express  transport  rates  of  u^u;  in  terms  of 
the  corresponding  rates  of  turbulent  kinetic  energy  transport.  This  replacement  eliminates  all  terms 
involving  spatial  derivatives  of  UjUj  and  so  Eq.(6)  is  reduced  to  a  system  of  algebraic  equations  for  the 
Reynolds-stress  components  (a  modelling  level  known  as  an  algebraic  second-moment  closure  or  ASM).  In 
this  way  the  turbulence  energy  k  is  the  only  Reynolds  stress  element  to  be  obtained  from  a  transport 
equation.  The  most  commonly  adopted  model  for  stress  transport  is  due  to  Rodi  [30]  who  proposed: 

(Cij  -  dij)  =  ¥  <Ckk  -  dkk)  (15) 

Over  the  past  year  or  two  there  has  begun  a  swing  away  from  ASM's  to  full  second-moment  closures. 

This  shift  can  be  attributed  to  various  reasons:  on  the  one  hand,  a  realization  that  the  time  and  core 

savings  from  adopting  the  former  are  often  so  small  as  to  be  unimportant  and,  on  the  other,  the  discovery 
that  the  simplification  of  stress  transport  implicit  in  any  ASM  may  lead,  particularly  in  axisymmetric 
swirling  flows,  to  highly  undesirable  effects  on  the  computed  flow  pattern,  [31].  In  part  the  problem  is 
linked  with  that  of  representing  a  non-objective  tensor  in  terms  of  an  objective  one  discussed  earlier. 
However,  for  flow  near  walls  where  departures  from  local  equilibrium  are  small,  the  ASM  truncation  is 
perfectly  satisfactory  on  physical  grounds  and  is  likely  to  remain  popular  for  some  time  to  come. 


3.  APPLICATION  OF  STANDARD  MODELLING  APPROACHES  TO  THREE-DIMENSIONAL  SHEAR  FLOWS 
3.1  Flows  in  Curved  Ducts  of  Rectangular  Section 

For  the  1980/81  Stanford  Conference  [5]  the  90°  bend  LDA  study  of  Humphrey  and  Whitelaw  [32]  was 

selected  as  the  representative  test  case  of  this  type.  None  of  the  half-dozen  reported  attempts  at 

computing  this  flow  did  particularly  well,  there  being  no  clear-cut  advantages  from  using  transport  models 
over  the  mixing-length  hypothesis.  This  outcome  can  be  attributed  to  the  fact  that  groups  employing 
models  based  on  turbulent  transport  equations  lost  the  advantage  that  this  might  ordinarily  bring  by 
splicing  the  solution  to  wall  functions  to  cover  the  5-10%  of  the  flow  region  adjacent  to  the  wall.  This 
choice  led  to  gross  errors  in  the  computed  secondary  flow.  Of  course,  in  1981,  merely  accessing  sufficient 

computer  core  to  obtain  grid-independent  olutions  of  three-dimensional  flows  was  a  formidable  problem, 

particularly  as  convective  transport  was  habitually  handled  by  the  highly  diffusive  upwind-differencing 
scheme.  Many  of  the  computations  of  this  flow  contributed  to  the  Stanford  Conference  suffered  severely 
from  such  numerical  errors  -  in  addition  to  any  frailties  of  the  turbulence  model  employed. 

The  only  conclusion  that  could  be  drawn  from  the  90°  bend  test  case  at  the  1981  conference  was  that 
neither  the  hardware  nor  the  technology  of  CFD  for  turbulent  flows  was  then  developed  to  the  point  where 
accurate  predictions  of  three-dimensional  duct  flows  could  be  anticipated. 

In  the  intervening  years  a  good  deal  of  progress  has  been  made  on  several  fronts.  Firstly,  at  many 
CFD  centres  computer  hardware  has  advanced  to  a  stage  where  it  is  feasible  to  solve  transport  equations 
for  ten  dependent  variables  in  a  fully  elliptic  manner  on  a  mesh  comprising  250,000  nodes.  This,  coupled 
with  the  replacement  of  upwind  differencing  by  alternative  non-dispersive  discretization  schemes  such  as 
QUICK  [33-35],  means  that  today  there  are  very  many  important  three-dimensional  turbulent  shear  flows 
that,  from  a  purely  numerical  point  of  view,  are  entirely  resolvable.  The  first  example  selected  for 
illustration  is  the  90°  bend  of  Taylor,  Whitelaw  and  Yianneskis  [36]:  the  bend  radius  ratio  Rc/D  is  larger 
than  in  the  Humphrey  study  and  the  inlet  boundary  layers  are  thinner.  The  flow  is  thus  arguably  closer 
to  those  commonly  found  in  aeronautical  applications.  The  computational  results  are  drawn  from  lacovides 
et  al  [37)  who  adopted  the  standard  k-€  turbulence  model  over  most  of  the  duct  but  sewed  this  to  Van 
Driest's  form  of  the  MLH  over  a  thin  region  near  the  wall  (extending  typically  to  y+  =  100).  At  the  time, 
the  use  of  the  MLH  in  place  of  (say)  a  low-Reynolds-number  form  of  the  k-e  model  was  made  for 
computational  expediency  rather  than  physical  realism.*  Recent  experience  at  UMIST  [11,141  suggests, 
however,  that  such  low-Reynolds-number  forms  of  the  €  equation  are  unreliable  in  impinging  flow 
conditions  -  so  the  choice  of  the  MLH  may  well  have  been  fortunate.  The  computations  employed  a  25  x  47 
grid  to  map  the  half  cross-section  on  one  side  of  the  plane  of  symmetry  and  135  computational  planes  to 
cover  the  region  from  2.5  hydraulic  diameters  upetream  to  5.0  diameters  downstream  from  the  bend. 


* 


Accurate  numerical  resolution  of  the  k  and  €  equations  through  the  semi-viscous  sublayer  requires 
roughly  double  the  number  of  nodes  for  the  whole  domain  adopted  with  the  MLH. 


Purely  computational  errors  may  be  safely  regarded  as  insignificant.  An  earlier  computation  of  this  flow 
had  been  reported  by  Kreskovsky  et  al  [381  employing  the  mixing-length  hypothesis  over  the  whole 
boundary  layer  within  a  somewhat  simplified  numerical  scheme.  Figure  1  compares  computed  streamwise 
and  radial  velocity  profiles  with  experiments  at  77.5°  around  the  bend:  x*  is  the  coordinate  normal  to  the 
symmetry  plane  taking  the  value  0  at  the  end  wall  and  1.0  on  the  symmetry  plane  itself;  r*  is  a  normalized 
radial  coordinate  ranging  from  0  on  the  outside  of  the  bend  to  1.0  on  the  inside.  The  radial  velocity  (V) 
reveals  the  expected  strong  flow  to  the  inside  of  the  bend  near  the  enu  wall  and  a  return  flow  from  inside 
to  outside  near  the  mid-plane.  The  secondary  flow  causes  fluid  with  relatively  low  streamwise  momentum 
to  end  up  on  the  inside  of  the  bend  near  the  centre  plane.  This  feature  is  very  well  captured  by  the  k-c 
computations,  much  less  successfully  by  the  MLH  computations.  Significant  secondary  flows  remain  well 
downstream  of  the  bend:  Figure  2  compares  at  2.5  hydraulic  diameters  the  measurements  of  Taylor  et  al 
with  the  k-e  computations  (no  computations  were  reported  in  [38]  for  this  position).  Agreement  with 
experiment  is  again  virtually  complete. 

A  second,  more  challenging  test  case  is  provided  by  the  180°  U-bend  experiment  of  Chang  et  al  [391 
with  Rc'.Df^  of  6.675:1  and  an  inlet  tangent  long  enough  to  produce  nearly  fully-developed  flow  at  bend 
entry.  The  velocity  profiles,  determined  by  laser-Doppler  anemometry,  were  obtained  along  a  series  of 
radial  lines  parallel  to  the  symmetry  plane.  The  most  interesting  feature  of  this  flow  is  that,  by  90° 
around  the  bend,  a  region  of  low-axial-velocity  fluid  accumulates  towards  the  inside  of  the  bend.  This  is 
believed  to  be  due  to  the  return  secondary  flow  near  the  symmetry  plane  being  "blocked"  and  thus 
diverted  sideways.  The  first  computations  of  this  flow  using  the  high-Rey nolds-number  form  of  the  k-c 
model  spliced  to  wall  functions  (Chang  et  al  [40],  Johnson  [41],  Chang  [42])  entirely  failed  to  predict  the 
trough,  Figure  3a.  A  changeover  to  the  use  of  the  mixing-length  hypothesis  in  place  of  wall  functions  [6] 
shown  in  Figure  3b  produces  profiles  along  2y/D  =  0.25  and  0.5  that  do  have  troughs,  though  the  dips  in 
velocity  are  considerably  weaker  than  those  found  in  the  experiment.  Finally,  Figure  3c  shows  that,  by 
refining  the  turbulence  model  in  the  core  from  the  k-e  eddy-viscosity  model  to  an  ASM,  a  significant 
further  improvement  results  [6,43].+  The  improvements  noted  above  are  strongly  linked  to  changes  in  the 
secondary  flow.  Figure  4  compares  the  secondary  velocity  vectors  obtained  at  the  130°  station  with  the 
three  alternative  models  considered  in  Figure  3.  While  with  wall  functions  a  large  primary  vortex  and  a 
weak  secondary  vortex  is  predicted,  the  introduction  of  a  fine  near-wall  grid  in  which  is  obtained  via 
the  MLH  produces  a  breakdown  in  the  primary  vortex  into  two  co-rotating  eddies  and  a  growth  of  the 
secondary  vortex.  Progression  to  the  ASM  produces  a  further  complication  in  the  secondary  flow  pattern 
with  the  eddy  near  the  mid-plane  also  breaking  down  into  two  smaller  vortices. 

It  is  our  general  experience  with  two-  and  three-dimensional  recirculating  flows  that  the  use  of  an 
algebraic  or  differential  second-moment  closure,  in  which  there  is  a  less  direct  connection  between  the 
Reynolds-stress  components  and  the  corresponding  strain  components  than  with  an  eddy-viscosity  model, 
leads  to  the  prediction  of  a  more  chaotic  flow  pattern  and,  moreover,  seems  invariably  to  be  in  closer 
accord  with  experimental  observation. 


3.2  Flow  in  Circular-Sectioned  Curved  Ducts 


The  computational  procedure  used  to  generate  the  results  in  Figures  3b  and  3c  had  originally  been 
developed  for  flow  around  circular-sectioned  bends  [44].  ThiB  is  a  configuration  in  which  the 
computational  schemes  have  been  markedly  more  successful  in  simulating  the  data  than  in  square-sectioned 
ducts  f  44-47].  Figures  5  and  6,  fcr  example,  relate  to  convective  heat  transfer  experiments  ir  a 
uniform-wall-temperature  U-bend  [48]  in  which  at  bend  entry  the  flow  was  thermally  and  dynamically  fully 
developed.  Figure  5  shows  the  development  of  both  the  measured  and  computed  normalized  temperature 
using  both  the  k-e  eddy-viscosity  and  ASM  models  in  conjunction  with  the  MLH  sublayer  model.  In 
solving  the  thermal  energy  equation,  the  turbulent  heat  fluxeB  Uj9  have  been  approximated  by 


Vt  ae 
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(16a) 


in  regions  where  an  eddy-viscosity  model  is  used  for  the  dynamic  field  and  by 

-  uje  =  0.35  j  u^Uj  (16b) 

where  the  stresses  are  obtained  via  an  ASM. 

The  temperature  variation  along  seven  lines  normal  to  the  plane  of  symmetry  is  shown  in  Figure  5, 
the  magnitude  of  the  normalized  temperature  being  proportional  to  the  distance  of  the  horizontal  offset  of 
the  line  (computation)  or  point  (experiment)  from  the  position  line.  There  is,  in  truth,  hardly  any 
difference  in  the  two  sets  of  computed  temperatures,  both  results  being  in  excellent  accord  with  the 
experimental  measurements.  One  good  reason  for  studying  the  thermal  field,  even  if  it  is  the  velocity  field 
in  which  one  is  intrinsically  interested,  is  that  it  is  often  easier  to  measure  the  local  surface  heat  flux 
than  the  local  wall  friction  -  since,  as  noted,  no  reliance  can  be  placed  on  the  usual  log.  law  for  velocity 

when  curvature-induced  secondary  flows  are  strong.  The  quality  of  the  prediction  of  the  heat  transfer 

coefficient  thus  gives  a  good  indication  of  the  accuracy  likely  to  be  achieved  by  the  prediction  of  skin 
friction.  Figure  6  compares  computed  and  measured  circumferential  variation  of  the  Nusselt  number  at 
four  stations  within  the  bend.  On  the  inside  of  the  bend  Nusselt  numbers  are  low  and  on  the  outside 

high.  This  variation  is  mainly  associated  with  the  secondary  flow  continually  thinning  the  thermal  layer  on 

the  inside  of  the  bend  and  depositing  warm  fluid  on  the  inside.  There  is,  however,  a  second-order  effect 
associated  with  streamline  curvature  damping  effective  turbulent  transport  coefficients  on  the  inside  of  the 
bend  and  augmenting  them  on  the  outside.  From  two-dimensional  flow  studies  it  is  known  that  the  ASM 


t 


Equally  marked  improvements  were  found  at  other  stations  in  the  bend. 
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scheme  captures  such  effects  reasonably  well  while  the  eddy-viscosity  approach  greatly  underestimates 
them.  While  there  is  little  difference  between  the  predicted  distribution  of  Nu  with  the  ASM  and  EVM 
schemes  up  to  55°  from  the  bend  entry,  by  90°  of  arc  the  ASM  predicts  a  level  roughly  10%  higher  than 
the  EVM  and  at  125°  of  arc  about  15%  higher.  The  second-moment  treatment  is  evidently  in  closer  accord 
with  the  experimental  data  than  the  eddy-viscosity  model  -  which  is  consistent  with  the  findings  for  the 
square-sectioned  U-bend.  Incidentally,  the  results  in  Figure  6  may  truly  be  termed  a  prediction  since  the 
computations  [45-46]  were  completed  some  time  in  advance  of  the  experiments  [48]. 


3.o  Turbulent  Flow  Development  Along  a  Corner 

Here  we  consider  turbulent  flow  development  in  the  vicinity  of  a  corner  formed  by  plane  intersecting 
walls,  the  primary  flow  direction  being  that  of  the  line  of  intersection  of  the  walls.  In  the  cases  to  be 
examined  in  detail,  the  walls  intersect  at  right  angles.  (We  note,  however,  that,  for  the  special  case  of 
fully-developed  flow  in  ducts,  several  groups  of  workers  have  computed  flow  in  triangular-sectioned  ducts 
and,  indeed,  in  the  considerably  more  complex  duct  configurations  associated  with  coolant  passages  of 
nuclear  reactors  [49-51]).  It  is  a  feature  of  such  flows  that,  while  the  fluid  may  enter  with  zero 
streamwise  vorticity,  the  anisotropy  of  the  turbulent  stress  field  normal  to  the  duct  axis  induces  a  weak 
but  influential  secondary  motion.  While  the  three-dimensional  flows  considered  in  the  previous  section 
were  predicted  with  moderate  success  by  eddy-viscosity  models,  in  the  present  class  of  flows  modelling  the 
in-plane  turbulent  stresses  via  an  isotropic  eddy-viscosity  makes  the  source  of  streamwise  vorticity  zero; 
consequently,  no  secondary  motions  are  generated. 

Most  computations  of  corner  flows  have  followed  the  practice  proposed  by  Launder  and  Ying  [52]  of 
adopting  an  eddy-viscosity  model  to  represent  the  turbulent  stresses  containing  the  streamwise 

fluctuations,  and  a  simple  ASM  to  represent  the  three  stress  components  perpendicular  to  the  flow 
direction.  Turbulent  stress  transport  is  usually  unimportant  in  these  flows  and  the  rudimentary  transport 
approximation  adopted  in  ASM’s  does  not  significantly  affect  the  computed  behaviour.  As  an  example, 
Figure  7  shows  the  computations  of  Arnal  and  Cousteix  [53]  of  Mojola  and  Young’s  [54]  experiment  of  flow 
in  a  streamwise  corner  in  which,  following  [52],  the  model  was  reduced  to  a  mixing-length  formulation. 
From  Figure  7a  it  is  seen  that  the  distortion  of  the  axial  velocity  contours  by  the  secondary  flow  is 
captured  reasonably  well,  though  the  computed  axial  vortex,  Figure  7b,  is  a  good  deal  smaller  than  that 
found  in  the  experiment. 

The  Arnal-Cousteix  computations,  like  all  pre-1980  studies  of  corner  flows  except  that  of  Reece  [25], 
neglected  "wall-reflection"  effects  in  the  pressure-strain  term.  Since,  however,  it  was  known  that  such 
explicit  wall- reflection  influences  were  necessary  to  predict  the  correct  normal  stress  levels  in  a 

two-dimensional  boundary  layer,  it  has  gradually  become  acknowledged  that  they  should  be  included  for 
corner  flows  too.  A  problem  that  arises  from  so  doing  is  (as  noted  in  Section  2)  that  one  must  propose 
how  to  handle  pressure  reflections  from  both  walls  of  the  corner.  Reece  [25]  assumed  a  simple 
superposition  while  the  computations  submitted  by  Rodi’s  group  [55]  for  the  1980/81  Stanford  Conference 
adopted  an  integration  around  the  surface.  A  problem  with  this  integration  approach,  in  the  writer’s  view, 
is  that  it  disregards  the  fact  that  a  small  element  of  wall  will  only  act  to  damp  fluctuations  normal  to  its 
surface;  in  the  proposed  integration  this  essential  directional  discrimination  is  lost.  Reece’s  treatment 

seems  the  more  logical,  though  it  is  not  easy  to  generalize  to  more  complex  surface  topographies.  This 

suggests  that  current  strategies  would  not  be  successful  in  predicting,  say,  the  drag-reducing 

characteristics  of  ribleted  surfaces  (a  topic  to  which  further  reference  will  be  made  in  Section  4). 

Nevertheless,  current  schemes  are  reasonably  successful  in  accounting  for  turbulence-driven  secondary 
flow 8  in  fairly  simple  ducting.  In  ref.  [56]  Demuren  and  Rodi  provide  a  refined  version  of  their  Stanford 
Conference  computations  from  which  the  results  in  Figure  8  have  been  drawn.  It  shows  the  axial  velocity 
contours  in  fully-developed  flow  through  a  rectangular-sectioned  duct,  the  lower  side  of  which  contains 
two  roughened  strips  placed  symmetrically  with  respect  to  the  mid-plane  of  the  channel,  Hinze  [57]; 

comparisons  are  also  drawn  with  an  earlier  computational  study  of  this  flow  by  Naot  and  Rodi  [58]  who  had 
adopted  a  virtually  identical  model  save  that  the  contribution  of  secondary  generation  terms  in  Pjj  (and 
the  corresponding  terms  in  ♦jjj)  were  neglected.  This  omission  in  fact  leads  to  a  considerable  overestimate 
of  the  secondary  flow,  Figure  8b,  while  the  later  computations  of  Demuren  and  Rodi  [56]  somewhat 

underestimate  it.  While  this  underlines  that  the  last  word  in  modelling  turbulence-induced  secondary 
motions  has  by  no  means  been  written,  it  is  nevertheless  encouraging  that  the  axial  flow  field  iB 
reasonably  well  accounted  for  with  either  scheme. 


3.4  Development  of  Streamwise  Vortex 

In  many  practical  corner  flows  a  horseshoe  vortex  is  formed  at  the  upstream  end  which  introduces  a 
concentrated  core  of  streamwise  vorticity  into  the  corner  region.  The  strength  of  this  vortex  will 
generally  be  much  stronger  than  that  generated  by  the  asymmetric  stress  field  and,  somewhat 
surprisingly,  the  flow  development  may  then  be  adequately  represented  by  an  eddy-viscosity  approach. 
Figure  9a  shows,  for  example,  that  for  the  case  of  the  idealized  wing-body  junction  of  Shabaka  [59]  the 
variation  of  skin  friction  coefficient  with  distance  from  the  corner  is  quite  well  predicted  by  Rodi’s  [55] 
computations  with  the  standard  k-€  model  both  on  the  "body"  (Figure  9a)  and  on  the  "wing"  (Figure  9b). 
The  mixing-length  computations  by  Cousteix's  [60]  group  are  less  satisfactory  irrespective  of  whether  or 
not  the  Launder-Ying  [52]  secondary-flow  source  is  added  (indeed,  the  inclusion  of  this  latter  correction 
seems  to  be  generally  unhelpful  in  this  flow  probably  because  of  the  high  level  of  secondary  motions). 

More  recently  the  ONERA/CERT  team  [61]  have  examined  another  flow  with  embedded  streamwise 
vorticity,  this  time  a  rather  weak  vortex  on  (effectively)  an  infinite  plane  surface.  Figure  10a  compares 
the  resultant  measured  lateral  variation  of  skin  friction  coefficient  [62]  with  predictions  from  a  variety  of 
models;  the  curved  arrow  denotes  the  sense  of  rotation  of  the  vortex.  The  observed  increase  in  cj  on  the 
downwaBh  side  of  the  vortex  and  the  decrease  on  the  upwash  side  are  to  be  expected.  The  strong 
increase  in  Cf  to  the  right  of  the  vortex  is,  however,  initially  surprising.  The  Reynolds-stress-model 
computations  reveal  the  probable  explanation  of  this  feature  for  they  indicate  that  a  second 
counter-rotating  vortex  is  created  by  the  asymmetric  stress  field  which  causes  a  downward  flow  of  fluid 
towards  the  wall  at  the  point  where  the  second  maximum  in  Cf  appears.  No  extra  vortex  is  induced  with 
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the  eddy-viscosity  model  and,  as  we  see  from  Figure  10a,  the  second  peak  is  absent  in  these  predictions. 
3.5  Strongly  Swirling  Flows 

Swirling  flows  have  long  been  known  to  provide  searching  test  cases  for  turbulence  modelling.  Even 
a  weakly  swirling  free  jet  in  stagnant  surroundings  with  a  ratio  of  angular-to-axial  momentum*  of  only 
0.3:1  initially  exhibits  double  the  rate  of  spread  of  the  non-swirling  jet.  Eddy-viscosity  models  do  not 
reproduce  this  sensitivity  unless  at  least  one  of  the  hitherto  constant  coefficients  is  made  explicitly 
dependent  on  some  swirl-related  parameter.  At  the  level  of  second-moment  closure,  obtaining  satisfactory 
agreement  depends  critically  on  modelling  the  mean-strain  contribution  to  the  pressure-strain  correlation, 
Launder  and  Morse  [63].  These  workers  found  that  the  quasi-isotropic  model  of  #jj2i  Eq. { 13),  actually  led 
to  a  reduced  rate  of  spread  with  swirl,  a  result  that  led  to  the  abandonment  of  this  model  by  the  writer’s 
group.  The  J  ]'  model,  Fq.(l2),  is  less  deficient  but,  even  so,  Gibson  and  Younis  [64]  proposed  to  modify 
the  usual  values  .of  and  c2  to  3.0  and  0.3  respectively  to  secure  the  desired  spreading  behaviour  of  the 
near  field  of  the  veiklv  swirling  axisy  mrnetric  jet.  These  values  were  carefully  chosen  so  that  the 
quantity  (1  -  c.l/Cj  was  essentially  the  same  as  for  the  standard  coefficients  -  a  precaution  that  ensured 
that  for  flows  near  V.cal  equilibrium  the  generally  satisfactory  behaviour  predicted  with  the  standard 
values  would  be  retained.  The  preference  at  UMIST  [22!  is  to  adopt  instead  the  rotationally  invariant  form 
of  the  TP  model,  Kq. I !  4  '. 

Figure  1  1  provides  i  comparison  between  the  performance  of  these  alternative  forms  of  the  IP  model 
applied  to  the  strongly  swirling  jet  examined  by  Sislian  and  Cusworth  [65]  by  laser-Doppler  anemometry. 
The  strong  swirl  induced  a  region  of  back-flow  on  the  jet  axis  which  extends  to  a  distance  four  diameters 
downstream  of  the  exit  ('omputations  by  Fu  et  al  [22,67]  were  made  with  an  adapted  version  of  the 
axisymmetric  elliptic  solver  TEAM  [66]  on  a  40  x  35  grid  (grid  refinement  to  61  x  60  for  one  of  the  models 
produced  negligible  changes  in  the  computed  behaviour).  The  computational  domain  began  0.5  diameters 
downstream  of  the  jet  discharge  where  the  measured  mean  velocity  and  Rey nolds-stress  profiles  were 
adopted  as  upstream  boundary  conditions.  The  behaviour  predicted  by  the  standard  IP  model  evidently 
produces  tuo  little  momentum  exchange  and,  as  a  result,  the  predicted  length  of  the  recirculation  zone  is 
too  long  and  the  decay  of  the  swirl  far  too  slow.  Better  agreement  results  from  the  Gibaon-Younis 
.  unstants,  though  the  rotationally  invariant  form  produces  a  decay  in  closest  accord  with  the  experiment; 
the  length  of  the  recirculating  flow  reg  'n  is  particularly  well  predicted  with  this  version.  Nevertheless, 
significant  differences  -xist.  between  the  computations  and  measurements:  the  measured  peak  streamwise 
velocity,  U,  moves  out  to  larger  radii  leading  (by  the  principle  of  conservation  of  angular  momentum)  to  a 
more  rapid  streamwise  reduction  in  swirl  velocity,  W,  than  in  the  computations. 

The  computed  Rey  nolds-stress  profiles,  which  are  compared  with  the  data  in  Figure  12,  exhibit  serious 
differences  from  the  measurements,  the  normal  stresses  being  substantially  too  high  near  the  axis.  The 
computed  shear  stress  u"v,  whose  generation  rate  is  closely  linked  with  the  axial  mean  profile  velocity, 
exhibits  a  similar  weakness  to  the  I."  profile  in  Figure  11,  namely  that  the  measurements  show  an 
appreciably  greater  rate  of  spread  than  the  computations.  The  principal  shear  stress  responsible  for 
diffusing  the  swirl,  vw,  exhibits  a  quite  different  profile  from  the  measurements  beyond  two  diameters 
downstream.  The  experiment  suggests  that  vw  is  annihilated  in  the  core  but  acquires  large  values  in  the 
outer  region.  Relatively  large  values  of  vw  can  indeed  be  expected  in  regions  where  turbulence  is 
intermittent  for  "fingers"  of  rotating  turbulent  fluid  will  tend  to  be  centrifuged  outwards  since  the 
irrotational  fluid  around  them  has  no  angular  momentum  and  thus  cannot  provide  an  opposing  radial 
pressure  gradient.  *  This  physical  feature  can  obviously  not  be  captured  in  a  model  such  as  that  employed 
here  which  takes  no  account  of  intermittency .  The  question  arises  whether  this  omission  significantly 

impairs  the  ability  to  predict  the  flow  nearer  the  axis  where  intermittency  is  absent.  No  firm  answer  can 

be  given,  though  it  is  perhaps  relevant  that  several  groups  of  workers,  e.g.  [68-70],  have  tackled 

problems  of  confined  swirling  and  appear  to  achieve  closer  agreement  than  that  shown  above  for  the 

strongly  swirling  free  jet.  For  example.  Figure  13  compares  DSM  and  k-e  EVM  predictions  by  Hogg  and 
Leschziner  [68]  of  the  confined  co-axial  jet  of  So  et  al  [71]  with  a  normalized  swirbaxial  momentum  flux 
ratio  of  2.2:1.  Here  just  the  outer  stream  is  swirling.  Despite  the  thick  wall  of  the  pipe  separating  the 
two  jets  (which  creates  a  region  of  high-intensity,  recirculating  flow  immediately  downstream  of  the 
discharge)  the  inner  jet  remain  visible  as  far  as  20  diameters  downstream.  The  DSM  computations,  which 
adopted  essentially  Eq.(14)  for  <t> j j 2,  capture  the  measured  behaviour  of  the  axial  and  tangential  velocity 
fields  quite  successfully.  The  FVM  predictions  in  contrast  indicate  a  disappearance  of  the  central  jet 
within  5  diameters  and,  by  20,  the  whole  body  of  fluid  outside  the  wall  sublayer  is  in  solid-body  rotation. 

Weber  et  al  [69,70]  have  reported  an  extensive  series  of  computations  of  swirling  flow  in  geometries 
similar  to  that  of  gas-turbine  combustors  or  industrial  burner  quarls.  The  work  is  part  of  a  large-scale 
collaboration  between  the  University  of  Sheffield  and  the  International  Flame  Research  Foundation  (IFRF)  at 
IJmuiden  aimed  at  improving  the  design  of  combustors;  for  the  flows  considered,  however,  no  chemical 
reaction  was  present  and  the  flows  were  at  uniform  density.  The  geometric  configuration  is  shown  in 
Figure  14a:  for  the  test  case  included  here  [69]  the  quarl  half-angle  oc  was  20°,  the  radial  expansion  ratio 
B/A  was  1.50,  Rf/A  was  1.53  and  there  was  no  end  contraction  (Rc  ;  Rf).  The  computations,  performed  on 
a  59  x  27  grid,  are  compared  with  experiments  in  Figure  14b.  The  second-moment-closure  computations 
adopted  Eqs  MI)  and  (12)  for  <fcjj  but  omitted  any  wall  corrections;  while  (from  the  point  of  view  of 
consistency  with  earlier  computations)  this  omission  is  regrettable,  it  is  unlikely  that  their  inclusion  would 
have  had  any  material  effect  on  the  results  as  the  most  crucial  flow  interactions  occur  outside  the  wall 
region.  As  with  the  flow  considered  in  Figure  13,  the  Reynolds-stress  closure  captures  with  good 
accuracy  most  of  the  flow  features,  including  the  existence  of  a  recirculation  region  displaced  from  the 
axis.  The  k-€  EVM  by  comparison  produces  a  substantially  different  flow  pattern  in  which,  inler  alia,  the 
reverse  flow  extends  to  the  axis  and  a  far  too  strong  radial  mixing  of  streamwise  momentum  occurs. 


To  retain  the  same  dimensions,  the  angular  momentum  is  divided  by  the  discharge  pipe  radius. 

Nevertheless  the  measured  values  of  vw  in  Figure  10  are  excessive  since  the  implied  magnitude  of  the 
correlation  coefficient  vw  //v2  w2  is  greater  than  unity  in  certain  regions. 


4.  RECENT  DEVELOPMENTS  IN  TURBULENCE  MODELLING 


The  past  few  years  have  seen  a  renewed  emphasis  being  placed  on  fundamental  aspects  of  turbulence 
modelling.  There  are  several  reasons  for  this.  So  far  as  the  writer's  group  is  concerned,  the  most 
immediate  task  following  the  1980/81  Stanford  Meetings  was  to  plunge  into  the  computation  of 

three-dimensional  and  recirculating  turbulent  flows  with  as  high  a  level  of  turbulence  model  as  was 
feasible.  Only  in  this  way  could  a  proper  assessment  of  how  successful  (or,  equally,  how  deficient) 
existing  models  were  when  applied  to  the  more  complex  industrial-type  flows  that,  numerically  at  any  rate, 

were  coming  within  range;  a  selection  of  the  results  of  that  work  has  been  reported  in  Section  3.  Only 

when  the  dust  of  that  software  development  and  application  had  begun  to  settle  did  attention  revert  to  the 
question  of  fundamental  aspects  of  modelling.  A  parallel  development  that  has  given  great  impetus  to 
turbulence  modelling  research  is  the  appearance  of  full  computer  simulations  of  turbulence  in  a  variety  of 
simply-strained  homogeneous  and  inhomogeneous  flows  [72-74].  With  these  solutions  providing,  for  example, 
accurate  time-averaged  records  of  dissipation  rates  and  pressure-velocity  gradient  correlations,  the 
modeller  has  far  more  direct  checks  at  his  disposal  for  assessing  the  usefulness  of  a  particular  modelled 
form.  Most  efforts  have  been  focused  on  the  dissipation  rate  equation  and  the  approximation  of  the 

pressure-strain  correlation, 

In  view  of  the  sensitivity  of  many  three-dimensional  flows  to  the  mean-strain  (or  rapid)  part  of 
the  proposals  for  modelling  this  process  are  of  particular  interest.  As  early  aB  1978  Lumley  [16]  had 
pointed  out  that  neither  the  quasi-isotropic  (Eq.(13))  nor  the  simpler  IP  model  of  #jj2  (Eq.(12))  satisfied 
the  "two-component"  limit  wherein  <t>22  should  vanish  if  u|  did.  Some  years  later  Shin  and  Lumley  [75,76] 
showed  that,  by  including  quadratic  products  of  the  stress  anisotropies,  this  limit  could  be  satisfied  while 
still  satisfying  the  other  kinematic  constraints  met  by  Eq.  (13);  however,  further  somewhat  ad  hoc 
adjustments  needed  to  be  made  to  the  resultant  form  to  secure  agreement  with  the  data  for  a  homogeneous 
free  shear  flow  in  local  equilibrium.  A  subsequent  analysis  at  UMIST  [67,77]  followed  essentially  the  same 
path  but  retained  cubic  products.  Despite  the  fact  that  at  the  start  twenty  arbitrary  coefficients  had  to 
be  introduced,  all  but  two  could  be  determined  by  applying  kinematic  constraints.  Of  the  two  unknowns 
one  was  set  to  zero  (because  it  multiplied  such  a  large  number  of  terms  that  its  retention  would  have 
rendered  the  model  impractical  for  use  in  other  than  simple  strains);  the  resultant  model  takes  the 
relatively  compact  form 
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where  A2  s 


The  coefficient  r  was  set  to  0.65  to  obtain  best  agreement  with  a  range  of  shear  flows. 

In  parallel,  new  forms  have  been  adopted  for  the  non-linear  process  x  and  the  source  and  sink 
terms  in  the  dissipation  rate  equation.  The  broad  directions  are  those  advocated  in  Lumley 's  [16]  work. 
Our  experience,  however,  is  that  it  is  only  with  the  introduction  of  the  new  form  of  $;j2,  Eq.(17),  that 
unequivocal  overall  benefits  result  from  these  other  refinements.  Our  current  recommendations  [12]  are: 


’ijt  =  “4-°  A2  cfai.)  +  1-2(aim  Smj  '  i  sij  A2>)  '  aij  e  (18) 

in  which  A  =  l  -  §(A2  -  A3)  and  A3  s  a^j  ajj.  In  the  two-component  limit  it  may  readily  be  shown  that 
A 2  -  A3  =  ^  so  then  A  vanishes;  thus,  as  desired,  <t>yt  also  vanishes. 


For  the  dissipation  rate  equation  we  take 
ccl  =  1.0  ; 
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This  combination  has  been  tested  over  a  wide  range  of  free  shear  flows  [12].  The  clear-cut  improvements 
over  the  standard  model  that  result  are  evident  from  Table  2  below  which  provides  the  spreading  rate 
data  for  four  self-preserving  flows.  For  the  record,  the  improvement  in  the  wake  and  the  plane  jet  is 
mainly  attributable  to  the  use  of  Eq.(17)  for  <t> j while  improvements  in  the  plume  spreading  rate  arise 
principally  from  the  new  form  of  the  coefficients  in  the  €  equation. 


Flow 

Plane 

Plume 

Axisymmetric 

Plume 

Recommended  exper i mental  values 

0.094 

0.120 

0.112 

Standard  second  moment  closure 

0.  105 

0.093 

New  form  of'  dissipation  rate  equat  ion 

0.11 

0.  105 

0.118 

0.122 

New  form  of  both  dissipation  and 
pressure  strain  model 

0.110 

0.102 

0.122 

0.122 

Table  2  Rates  of  spread  of  self-preserving  shear  flows 
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Exploratory  use  of  this  new  form  for  near-wall  flows  [78]  suggests  that  it  may  be  possible  to 
eliminate  entirely  wall-reflection  terms  from  the  model.  If  this  is  confirmed,  it  would  greatly  facilitate  the 
application  of  second-moment  closure  to  flows  where  the  surfaces  are  significantly  non-planar  over 
distances  of  the  order  of  one  third  of  the  boundary  layer  thickness  or  less.  In  view  of  the  newness  of 
the  basic  proposals,  there  has  been  little  opportunity  to  iest  them  in  three-dimensional  strain  fields.  Pu 
et  al  [22,67]  have,  however,  included  this  new  form  in  a  computation  of  the  Sislian  and  Cusworth  [65] 
swirling  jet.  Overall,  worse  agreement  with  the  mean  flow  field  was  achieved  than  with  the  rotationally 
invariant  IP  model,  though  in  some  respects,  such  as  the  general  shape  of  the  uw  profiles  shown  in  Figure 
15,  the  new  form  was  clearly  more  successful.  In  fact,  this  very  complicated  flow  subject  to  the  strong 
effects  of  intermittency,  discussed  earlier,  and  the  rather  uncertain  accuracy  of  the  experimental  data  does 
not  really  provide  the  best  starting  point  for  assessing  the  usefulness  of  Eqs.(17)-(19)  in  the 
three-dimensional  strain  fields.  The  next  year  or  so  will  see  a  more  extensive  set  of  comparisons  being 
undertaken  at  UMIST  and  possibly  elsewhere. 


5.  CONCLUDING  REMARKS 

Computing  power  has  now  reached  the  level  that  many  complex  three-dimensional  turbulent  flows  can 
be  calculated  with  little  purely  numerical  error.  It  is  feasible  also  to  include  second-moment  models  of 
turbulence  into  CFD  software  in  place  of  the  more  usual  eddy-viscosity  schemes.  The  comparisons  between 
computations  and  experiments  made  in  Section  3  bring  out  emphatically  that  second-moment  closure  (while 
sometimes  falling  short  of  the  accuracy  desired  or  needed  in  particular  circumstances)  allows  a  truer 
picture  of  the  real  flow  development  to  be  predicted  than  does  an  eddy-viscosity  model.  It  is,  moreover, 
suggested  that  recent  proposals  for  substantially  new  forms  of  the  model  components  discussed  in  Section 
4  will,  in  due  course,  bring  improvements  in  the  reliability  of  predictions  for  three-dimensional  strain 
fields  that  they  are  already  achieving  in  simple  shear  flows. 
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Three-dimensional  flow  in  90°  square-sectioned  bend: 
Velocity  profiles  at  77.5° 


o: 


Fig.  3  Streamwise  velocity  profiles  at  90°  station  of  square-sectioned  U-bend 

(a)  Computations  Johnson  [41]:  k~e  EVM  with  wall  functions 

(b)  Computations  Choi  et  al  [6]:  k-e/MLH  EVM 

(c)  Computations  Choi  et  al  [6] :  ASM/MLH 

O  ®  Measurements  Chang  et  al  [39] 

Computations 


Fig.  4  Computed  secondary  velocity  vectors  at 
130°  station  in  square-sectioned  U-bend 
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(a)  Computations  Johnson  [41 J:  k-€  EVM 
with  wall  functions 

(b)  Computations  Choi  et  al  [6]:  k-€/MLH  EVM 

(c)  Computations  Choi  [6]:  ASM/MLH 
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Development  of  normalized  temperature  profiles  in  flow  around  a  circular  sectioned 
U-bend  of  square  cross-section  (inside  of  bend  to  left) 


O  O  Experiments  Baughn  et  al  [48] 

Computations  Iacovides  and  Launder  [46]  with  ASM/MLH  model 
-  -  -  Computations  [46)  with  k-e/MLH  EVM 
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Fig.  6  Development  of  Nussett  number  around  a  circular-sectioned  U-bend. 

Key  as  Fig.  5. 
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Fig.  11  Axial  anti  jwirl  velocities  in  strongly  swirling  free  jet 

Symbols  :  Measurements  [65] 

Computations  [22]:  -  -  -  -  Original  IP  model 

.  Gibson-Younis  coefficients  [64] 

Rotational ly  invariant  IP  model  [22] 
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Fig.  12  Reynolds  stress  profiles  in  strongly  swirling  jet  at  x/D  =  4 

Key  as  Fig.  11 
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Fig.  13  Development  of  confined  coaxial  swirling  jet 

(a)  Streamwise  velocity 

(b)  Swirl  velocity 

O  O  Measurements  So  et  al  [72] 
Computations  [68]  DSM 
-  -  -  Computations  [68]  k-e  EVM 
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Fig.  14  Isothermal  swirling  flow  in  burner  quarl 
and  furnace  [69] 

(a)  Flow  configuration 

lb)  Mean  flow  development 
O  O  Experiments 

DSM  computations 
-  -  -  k-e  EVM  computations 
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SIMULATIONS  NUMERIQUES  D’ECOULEMENTS  TURBULENTS 

DE  CANAL  PLAN 
K.  DANG  &  V.  DESCHAMPS  * 

ONERA  BP  72,  92322  Chatillon  Cedex,  France. 


RESUME 

Les  equations  instalionnaires  de  Navier-Stokes  pour  un  fluide  incompressible  sont  resol ues 
par  une  me'thode  de  differences  finies  d’ordre  4  associee  a  un  schema  en  temps  semi 
implicite  ou  la  pression  est  calculee  iterativement  de  maniere  a  satisfaire  une  condition 
globale  d’incompressibilite'. 

Cet  algorithme  est  utilise'  pour  simuler  l’ecoulement  instationnaire  turbulent  dans  un  canal 
plan  a  des  nombres  de  Reynolds  de  l’ordre  de  2000  (bases  sur  la  vitesse  moyenne  au  centre 
et  la  demi  hauteur  du  canal).  L’ecoulement,  suppose  homogene  dans  les  directions 
longitudinale  et  transversale  est  entretenu  par  un  apport  exte'rieur  d’energie  realise',  soit  en 
imposant  un  gradient  de  pression  moyen  constant,  soit  en  imposant  un  debit  constant. 
Moyennant  un  choix  correct  des  nombres  de  Reynolds  initiaux,  les  deux  procedures 
permettent  d’obtenir  un  meme  ecoulement  asymptotique  (caracte'rise'  par  des  proprie'te's 
statistiques  stationnaires).  L’e'coulement  laminaire  de  Poiseuille  est  cependant  destabilise 
beaucoup  plus  rapidement  avec  la  procedure  de  simulation  a  de'bit  constant. 

Les  bilans  de  conservation  obtenus  (avec  18.18.65  et  18.32.65  points  de  discretisation)  pour 
les  moyennes  d’ensemble  des  composantes  du  tenseur  de  Reynolds  sont  en  bon  accord  avec 
des  resultats  existants  de  simulations  effectue'es  avec  des  discretisations  tres  supe'rieures. 

1  -  INTRODUCTION 

Les  performances  actuelles  des  ordinateurs  modernes  permettent  desormais  c’.e  re'aliser  a  un 
cout  raisonnable  des  simulations  numeriques  d’ecoulements  instationnaires  turbulents  dans 
des  ge'ometries  simples.  L’ecoulement  de  canal  plan  turbulent  comportant  deux  directions 
d’homoge'ne'ite'  a  ete'  traite  avec  une  attention  particuliere  et  constitue  un  cas  test  pour 
comparer  les  pre'cisions  et  les  couts  des  me'thodes  nume'riques. 

L’hypothese  d’homoge'neite  dans  la  direction  de  1 ’ecoulement  qui  se  traduit  par  la  recherche 
de  solutions  numeriques  pe'riodiques  dans  cette  direction  et  par  l’absence  de  conditions  aux 
limites  d’entre'e-sortie,  implique  que  le  calcul  simule  devolution  en  temps  d’une  portion 
d’e'coulement  dans  un  re'fe'rentiel  convecte'  dans  1’espace  par  l’e'coulement  reel.  La  simulation 
de  l’ecoulement  en  espace  sur  des  longueurs  de  canal  e'quivalentes  aux  dure'es  de  convection 
des  simulations  e  n  temps  (plusieurs  dizaines  de  longueurs  de  pe'riodicite')  est  pour  l’instant 
hors  d’atteinte  des  possibilite's  informatiques  et  algorithmiques.  Par  contre,  il  est 
envisageable  de  simuler  des  e'coulement?  pour  lesquels  les  phe'nomenes  interessants  ont  lieu 
a  une  distance  relativement  courte  de  la  section  d’entree:  divergents  a  variation  de  section 
brusque  par  exempie. 

Les  methodes  spectrales  de  collocation  (Fourier  pour  les  directions  homogenes  et 
Tche'bytchev  pour  la  direction  normale  aux  parois)  sont  particulierement  bien  adapte'es  au 
cas  simple  du  canal  bipe'riodique.  Les  plus  recentes  simulations  effectuees  avec  cette 
me'thode  (Kim,  Moin,  Moser  1987)  utilisent  jusqu’a  4.108  points  de  collocation  (192.160.129 
points)  pour  des  nombres  de  Reynolds  de  l’ordre  de  3300. 


*  Adresse  actuelle:  MATRA  BPl  78146  Wlizy-Villacoublay  Cedex  France 


Les  me'thodes  de  differences  finies  ont  e'te'  longtemps  employees  pour  discre'tiser  les 
ope'rateurs  de  derivation  dans  la  direction  normale  aux  parois.  Des  sche'mas  centre's  d’ordre 
2  ont  ainsi  e'te'  associe'es  a  des  sche'mas  spectraux  de  type  Fourier  pour  les  directions 
homogenes  (  Moin,  Kim  1982),  (Horiuti  1987).  Les  plus  re'centes  simulations  (Horiuti  1987) 
utilisent  un  modele  de  sous-maille  et  plus  de  4.10  points  (128.256.129)  pour  des  nombres 
de  Reynolds  superieurs  a  6600. 

Dans  une  perspective  a  plus  long  terme,  et  pour  pre'parer  des  simulations  d’ecoulements 
avec  conditions  d’entre'e-sortie,  la  me'thode  presented  ici  est  base'e  uniquement  sur  un 
schema  de  differences  finies  d’ordre  supe'rieur  (ordre  4  ou  plus),  avec  lequel  les  conditions 
aux  limites  sont  plus  faciles  a  mettre  cn  oeuvre  qu’avec  un  schema  spectral.  La  methode 
nume'rique  proprement  dite  est  de'crile  au  paragraphe  2.  La  proce'dure  de  simulation 
adopte'e  est  de'crite  au  paragraphe  3,  les  resultats  sont  commentes  en  4  et  leur  precision  est 
discutee  en  5. 

2  -  EQUATIONS  A  RESOUDRE  ET  PRINCIPE  DE  LA  METHODE 


2.1-  DOMAINE  DE  CALCUL  ET  EQUATIONS  ADIMENSIONNEES 

Prenons  comme  longueur  de  reference  la  demi  hauteur  h  du  canal,  pour  vitesse  de 
reference  la  vitesse  sur  l’axe  UQ  de  l’ecoulement  laminaire  de  Poiseuille  (figure  1),  pour 
temps  et  pour  pression  de  reference: 

h  o 

r  -  —  -  po  =  PU0 

uo 

Les  e'quations  a  resoudre  dans  un  domaine  ouvert  f2  de  frontiere  dfl  sont  les  e'quations  de 
Navier-Stokes  instationnaires  pour  un  fluide  incompressible,  adimensionnees  avec  ces 
grandeurs  de  reference: 


dUt  dUt  gp  j  d  U{ 

- p  u - 1 - b  F  ■  ==  0 

dt  dxj  dxi  Re0  dxkdxk 

+  conditions  initiates  (7|(x|,<=  0)  pour  a:-  e  H 

4-  conditions  aux  limites  f/((x,,<)  pour  xi  e  dU 

Le  nombre  de  Reynolds  initial  Re  =  U0hlu  est  celui  de  l’e'coulement  laminaire  de 
Poiseuille  pris  comme  condition  initiale,  et  F-  repre'sente  une  force  exterieure  applique'e  a 
l’ecoulement. 


Y 

r)  Hn 

FIGURE  1  :  Domaine  de  calcul  fl  =  ]0,L,[  .  ]0 ,L2[  ■  \—h,h\ 
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2.2  -  CONDITIONS  AUX  LIMITES 

Des  conditions  de  non  glissement  (Ui  =0)  sont  imposees  sur  )es  parois  du  canal  et  des 
conditions  de  periodicite  sont  impose'es  dans  les  directions  longitudinales  et  transversales,  ce 
qui  suppose  que: 

-  en  ce  qui  concerne  les  proprie'te's  statistiques  des  grandeurs  fluctuantes  qui  leur  sont 
associe'es,  tous  les  points  d’un  raeme  plan  parallele  aux  parois  sont  equivalents, 

-  le  domaine  de  calcul  est  constitue'  d’une  portion  d’e'coulement  de  canal  qui  est  convecte  a 
une  certaine  vitesse  lie'e  a  l’e'couleinent  moyen, 

-  le  calcul  de'crit  revolution  temporelle  de  cette  portion  d’ecoulement, 

-  les  inoyennes  d’ensemble,  fonction  uniquement  de  Z,  pourront  etre  evaluees  par  des 
moyennes  en  espace  effectue'es  dans  les  directions  X  et  Y:  en  particulier,  la  vitesse  moyenne 
est  definie  par: 


<U{>  = - JJUy(X,  Y  ,Z)dXdY  et  le  debit  par:  Q  =L2J  <L\>dZ 


2.3-  CONDITIONS  INITIATES 


On  superpose  a  l’ecoulement  larainaire  de  Poiseuille,  caracte'rise'  par  une  vitesse 
moyenne  Up{Z)  =  (l—Z)  et  un  nombre  de  Reynolds  Re  =Ugh/v,  une  perturbation 

bidimensionnelle  d’arnplitude  finie  t2D  (e2D  =  0,1)  et  une  perturbation  tridimensionnelle 
pression  est  constant  en  espace,  mais  peut  varier  en  temps: 

~  l  F ,(<)>  0,0/ 

F y{t)  est  directement  lie'  au  de'bit  Q  et  a  la  vitesse  de  cisaillement  uT  par  la  relation 
approche'e  (  Deschamps  1988  ): 


30  o 

TT  =  -2  ^2(«r+^i) 

at 


l  d<  Uy> 


Cette  relation  est  exacte  pour  l’e'coulement  laminaire  de  Poiseuille.  Le  de'bit  est  constant  si 
le  gradient  de  pression  e'quilibre  exacteinent  les  forces  de  frottement  le  long  des  parois,  qui 
elle  meines  sont  lie'es  au  nombre  de  Reynolds  R  : 


<UX>{Z)  =  1  -Z2  ; 


F,=-ur  =- 


Les  forces  de  frottement  croissant  au  cours  de  la  simulation  d’une  transition  laminaire- 
turbulent,  si  F{  est  maintenu  constant  e'gal  a  sa  valeur  laminaire  de  de'part,  le  de'bit  ne 
peut  que  de'croitre.  Une  simulation  d’e'coulement  de  transition  a  de'bit  constant  ne  pourra 
done  etre  realise'e  qu’en  imposant  un  gradient  de  pression  equilibrant  a  chaque  instant 
[’action  des  forces  de  frottement.  Ceci  peut.  etre  re'alise'  nume'riquement  en  reliant,  a  chaque 
pas  de  temps,  les  variations  du  gradient  de  pression  moyen  aux  variations  de  de'bit  par 
unite'  de  surface  par  la  relation: 

F xn  +  l=F +a(Qn+l  -Qo)  +  (3(Qn  -0J 


ou  Qg  est  le  de'bit  initial  et  a~2 jht  ,  /?~  — 1  jbt. 
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Cette  proce'dure  a  l’avantage  de  fournir  un  debit  constant  pour  tout  regime  de 
l’e'coulement.  En  comparaison,  la  proce'dure  adopte'e  par  Moin  et  Kim  1982  (et  reprise  par 
la  plupart  des  auteurs)  qui  consiste  a  adimensionner  les  e'quations  par  la  vitesse  de 
frottement  ur  et  a  choisir  pour  Fx  la  valeur  constante  du  regime  turbulent  etabli  ne  permet 
d’obtenir  un  debit  constant  qu’en  re'gime  e'tabli. 

On  peut  ecrire  e'galement  pour  l’e'nergie  cinetique  moyenne 

E  =  — /  U-U-dVL 
o 

z  n 

une  loi  devolution  approche'e: 

be  i  at/,,  au,  au„ 

- =  —F^L^Q - / - ( - 1 - )dfl 

dt  R(o  n  dxk  8xk  dxx 

L’apport  d’e'nergie  croissant  (premier  terme  du  second  membre)  du  a  l’augmentation  au 
cours  du  temps  du  gradient  de  pression  contrebalance  l’energie  dissipe'e  par  le  second  terme. 
Cet  apport  contribue  a  maintenir  au  cours  du  temps  l’e'nergie  moyenne  de  l’ecoulement  qui 

2.5  -  SCHEMA  NUMERIQUE 

Le  sche'ma  en  espace  est  un  schema  de  diffe'rences  finies  centrees  d’ordre  4  dans  les 
directions  homogenes.  Pres  des  bords  du  domaine,  il  tient  compte  de  la  pe'riodicite'  de  la 
solution.  Dans  la  direction  inhomogene,  le  sche'ma  est  decentre  pour  les  3  points  les  plus 
proches  de  la  paroi;  le  maillage  est  resse're'  selon  une  loi  utilisee  par  Moin  et  Kim  1982. 

Le  sche'ma  en  temps  utilise  valable  aussi  pour  des  schemas  spectraux  (Deschamps,  Loisel, 
Morchoisne  1987)  consiste  en  deux  etapes: 

1)  une  e'tape  pre'dicteur  ou  Ton  calcule  une  approximation  explicite  du  champ  de  vitesse  a 
l’instant  (n-fl)<52,  soit  U  .  Les  termes  de  convection  sont  calcules  par  un  sche'ma  Adams 
Bashforth,  les  termes  de  diffusion  par  un  schema  Euler  explicite: 

Un+l  =  Un-8t  {{U* .D)U*-vD2Un+  DPn)  U*  =  1,5  Un -  0,5  Un~l 

ou  D  et  D2  sont  les  approximations  par  le  schema  en  espace  choisi  des  operateurs  V  et  A. 

2)  une  e'tape  correcteur  implicite  dans  laquelle  la  vitesse  et  la  pression  au  temps  n+i  sont 
donnees  par: 


L  [Un  +  l-Un)  =  Un^l—Un  —6t  D(Pn+l-Pn) 


n  +1  nrt  > 


j  D.Un  +  l  J  =  0 


+  conditions  aux  iimites  sur  U 


ou  D.  est  une  approximation  de  l’ope'rateur  V.  ,  L  est  un  operateur  factorise  sous  la 
forme  L=LlL2L3,  avec: 

L{  =  l-r),D,2  T],  =  0({Ut8tf,u8t) 


Les  coefficients  77 -  sont  ajuste's  de  maniere  a  approcher  au  mieux  l’erreur  de  troncature  d’un 
schema  globalement  implicite.  D ■  represente  [’approximation  par  un  schema  differences 
finies  d’ordre  2  de  I’operateur  d  fdx-  .  r}i  etant  mis  sous  ia  forme  T)i  =  ail-  6t  +  /3u6t,  le 
choix  des  coefficients  a  =  0(l)et/?=0(l)  determine  la  stabitite  du  schema  (  Deschamps, 
Loisel,  Morchoisne  1987).  Les  test  numeViques  effectues  (Deschamps  1988)  montrent  que  la 
prise  en  compte  des  e'chelles  caracte'ristiques  reelles  de  l’ecoulement  dans  chaque  direction 
d’espace  ameliore  a  la  fois  la  precision  du  schema  en  temps  et  la  convergence  de 
l’algorithme  iterat'd  de  calcul  de  la  pression  de'crit  ci-apres. 

2.6-  CALCUL  DE  LA  PRESSION 

Dans  le  cas  ou  n^"  +  1  =  Pn,  la  relation  2)  du  §  2.5  permet  d’obtenir  une  premiere 
approximation  U  de  Un  +  l  : 

L{Un  +  1-Un)  =  Un  +  l-Un 

La  pression  Pn  +  1  est  obtenue  en  imposant  la  condition  d’incompressibilite  sur  le  champ 
U  (  V.  U  =0),  Pn  est  alors  solution  du  systeme  lineaire  suivant: 

M(Pn  +  l—Pn  )  =  — V.  LI**1  M  =  —St  V.L~X  V 

Celui-ci  est  resolu  par  un  algorithme  de  gradient  conjugue'  du  type  Axelsson  (1980). 

2.7-  IMPOSITION  DES  CONDITIONS  AUX  LIMITES 

Les  conditions  aux  limites  non  periodiques  (  de  type  Dirichlet  )  sont  prises  en  compte  dans 
l’e'tape  implicite.  Pour  la  direction  Z,  la  matrice  L3  est  tridiagonale  et  l’inversion  du 
systeme  est  effect uee  par  factorisation  L.U.  Pour  les  directions  X  et  Y,  les  matrices  L  l  et  L2 
sont  de  type  cyclique  et  chaque  resolution  se  rainene  a  celle  de  deux  systemes  tridiagonaux 
classiques. 

2.8  -  MODELE  DE  SOUS-MAILLE 

Associee  a  un  filtre  ’passe  bas’,  la  inethode  numerique  peut  etre  utilisee  pour  des 
simulations  des  grandes  echelles  de  turbulence  (’Large  Eddy  Simulation’),  avec  un  modele 
de  sous-maille  base  sur  une  viscosite'  turbulente  ut  (  Deschamps,  Dang  1987  )  ne  necessitant 
pas  de  lois  de  paroi  erapiriques  souvent  utilisees  avec  le  modele  de  Smagorinsky  (  Moin, 
Kim  1982,  Horiuti  1987  ).  Du  point  de  vue  numerique,  le  terme  de  diffusion  supplementaire 
utD2Un  est 

traite  de  facon  explicite.  Les  coefficients  d’implicitation  7/,-  definis  au  paragraphe  2.5  sont 
ensuite  ajustes  en  tenant  compte  de  la  viscosite  turbulente  (  Deschamps  1988  ). 

2.9  -  ALGORITHME  DE  CALCUL  ET  OPTIMISATION  DU  CODE 

L’  algorithme  de'crit  ne'cessite  15  tableaux  contenant  lous  les  points  de  maillage.  Une  taille 
me'moire  de  1.600.000  mots  permet  une  discretisation  de  l’ordre  de  45  ,  moyennant 
l’utilisation  de  11  tableaux  et  de  4  entre'es  sorties  par  pas  de  temps. 

Les  efforts  de  vectorisation  out  porte  essentiellement  sur  le  sous-programme  de  derivation 
appel£  a  chaque  calcul  des  ope'rateurs  Divergence,  Gradient  et  De'rivee  seconde.  Le  cout  sur 
Cray  XMP  de  la  m^thode  est  de  1’ordre  de  1.5  10-5  seconde  CPU/point  de  mailiage/pas  de 
temps  (  respectivement  2.5  10-5)  avec  \D.  U  \  <  2.  10  4  (  resp.  <  4.  10  )  pour  un 
maillage  18.18.85  (  18.32.85)  et  15  ite'rations  (  resp.  30  iterations  )  de  pression  par  pas  de 
temps. 
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3.  -  TRAITEMENT  DE  LA  FORCE  EXTERIEURE  ET  PROCEDURE  DE  SIMULATION 


Du  fait  des  conditions  aux  limites  periodiques  dans  la  direction  longitudinale,  l’e'coulement 
doit  etre  alimente  par  la  force  F  (gradient  de  pression  longitudinal  negatif).  En  raison  des 
hypotheses  d’homoge'neite',  dans  la  direction  longitudinale  en  particulier,  ce  gradient  de 
d’amplitude  plus  faible  e3D  (e3D  =  0,01): 


U(X,Y,Z,t  =  0)  =  Up(Z )  +  e2D  U2D(Z)cos(aX)  +  e3D  U3D{Z)cos(aX+0Y) 

ou  U 2D  et  U3D  sont  choisis  de  maniere  a  ce  que  le  champ  de  vitesse  U  soit  a  divergence 
nulle.  Ce  choix  s’appuie  sur  les  re'sultats  de  stabilite  de  Herbert  1977:  alors  que  l’ecoulement 
de  Poiseuille  est  instable  a  des  perturbations  infinitesimales  a  partir  d’un  nombre  de 
Reynolds  critique  de  l’ordre  de  7000,  il  peut  etre  destabilise  a  des  nombres  de  Reynolds 
subcritiques  nettement  inferieurs  par  des  perturbations  bidimensionnelles  d’amplitude  finie. 
L’e'tat  d’equilibre  bidimensionnel  atteint  par  l  ecoulement  est  lui-meme  instable  a  toute 
perturbation  infinitesimale  trid  imensionnelle. 


La  destabilisation  peut  etre  obtenue  pour  des  Reynolds  subcritiques  faibles  de  l’ordre  de 
2000  pour  les  nombres  d’onde  a  longitudinal  et  (3  transversal  suivants: 


27T 

a  =  — -  =  1,25  ; 
L , 


2tt 

- =  2  , 

Lr 


'1 

Les  dimensions  du  domaine  de  calcul  0  seront  prises  e'gales  a: 

27T  27T 

-  ^2  =  - 

1.25  2 


L3  =  2h  =2 


2.4-  LA  CONDITION  D’INCOMPRESSIBILITE 


L’equation  de  continuite'  discretise'e  ne  peut  etre  satisfaite  que  si  les  conditions  aux 
limites  verifient  certaines  relations  de  compatibilite  (  Deschamps,  Metivet,  Morchoisne  1985 
).  En  ge'neral,  ces  relations  ne  sont  pas  satisfaites  et  il  est  done  impossible  d’obtenir  un 
champ  de  vitesse  a  divergence  nulle  sur  ie  domaine  de  calcul  H  et  sur  sa  frontiere  dCl. 

La  methode  proposee  ici  consiste  a  ajuster  la  pression  de  maniere  a  realiser  au  mieux 
une  condition  globale  d’incompressibilite:  ce  resultat  peut  etre  obtenu  en  minimisant  une 
norme  de  la  divergence  de  vitesse  sur  H  U  30. 


Le  systeme  d’e'quations  du  §  2.1  est  done  remplace  par: 


d 

dP 


|=0 


au,  au,  gp  ,  d2v, 

b  U  ■ - b - b  f.  =  0 

dt  dx-  dxx  Re0  dxkdxk 


-b  conditions  initiales 
-b  conditions  aux  limites 
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decroitrait  dans  le  cas  F ,  =  Cte . 

Ces  reinarques  sont  illustre'es  par  la  figure  2  qui  montre  les  e'volutions  temporelles 
comparers  de  l’e'nergie  totale  <  Ui  [/•  >  au  cours  des  simulations  a  F  x  =  Cte  et  a  Q  —  Cte 
pour  des  temps  T  =  n  r  atteignant  jusqu’a  1000  fois  le  temps  de  reference  r.  On  constate 
que,  a  gradient  de  pression  constant,  le  temps  de  stabilisation  de  l’e'nergie  est  d’un  ordre  de 
grandeur  supe'rieur  a  celui  du  cas  a  de'bit  constant. 


FIGURE  2  :  evolutions  temporelles  de  l’e'nergie  totale  <  Ui  Ui  > 
3.-  RESULTATS 


Les  simulations  nurne'riques  ont  ete  effectue'es  sur  le  CrayXMP  Ae'ronautique,  avec  18.18.65 
et  18.32.65  points  de  discretisation,  pour  des  nombres  de  Reynolds  initiaux  Reo  de  5000 
dans  le  cas  a  gradient  de  pression  moyen  constant  et  de  2037  dans  le  cas  a  debit  constant. 
L’inte'gration  numerique,  effectue'e  sur  des  temps  tres  longs  (T<1300)  correspondant 
approximativement  a  100  longueurs  de  pe'riodicite  montre  qu’on  obtient  un  ecoulement 
asymptotique  (caracterise'  par  des  proprietes  statistiques  stationnaires),  independamment  de 
la  procedure  adoptee  et  des  perturbations  initiales  imposees  a  l’ecoulement  tie  Poiseuille. 

Les  figures  3  et  4  montrent  Involution  temporelle  du  nombre  de  Reynolds  Re  et  du  nombre 
de  Reynolds  de  cisaillement  Rer  =  uTh  jv  . 

La  valeur  asymptotique  commune  est  atteinte  a  des  temps  Tq  et  7  vp  respectivement, 
correspondant  a  un  meme  apport  exte'rieur  d’energie.  Le  rapport  Tq  / Tvp=  0.1  montre 
que  la  condition  de  debit  constant  permet  de  transferer  l’energie  a  l’ecoulement  de  facon 
plus  efiicace  et  permet  done  du  point  de  vue  nume'rique  de  faire  de  substantielles  e'eonomies 
de  temps  de  calcul.  Ces  resultats  confirment  et  etendent  des  resultats  de  simulation  obtenus 
avec  une  tres  faible  discretisation  (4.4.32  points)  (Rozhdestvensky,  Simakin  1984). 


200.00 


400.00 


eoo.oo 


aoaco 


1000.00 


FIGURE  3:  evolution  temporelle  du  nombre  de  Reynolds  Re  —  Uh 

-  de'bit  constant,  Reg  =  2037 

+++++  gradient  de  pression  constant,  Re0  =  5000 


FIGURE  4:  e'volution  temporelle  du  nombre  de  Reynolds  Rer  =  uTh 

_ de'bit  constant,  R(0  =  2037 

+++++  gradient  de  pression  constant,  Reg  =  5000 
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Les  figures  5,  6  et  7  montrent,  en  coordonne'es  de  paroi  les  resultats  des  simulations  a  debit 
constant  ( Re  =  2000,  Rfr  =  100  concernant  la  vitesse  moyenne  <  U+  >,  les  fluctuations 
de  vitesse  v!  ,tf  ,uf  et  la  contrainte  de  Reynolds  v!  vJ  respectivement.  Ces  r&ultats  sont 
en  bon  accord  qualitatif  avec  des  resultats  expeVimentaux  obtenus  a  des  Reynolds  egaux  ou 
supe'rieurs. 


z+ 


FIGURE  7:  profil  de  la  contrainte  de  cisaillement 
—u'  vJ  +  =  —<uw  > /uT 


3.2  -  EVALUATION  DES  TERMES  DU  BILAN  DU  TENSEUR  DE  REYNOLDS 

Les  equations  de  transport  pour  le  tenseur  de  Reynolds  <uiu->,  adimensionnes  par  u*/v 
s’ecrivent: 


d  (9 

(—+  uk - )  <«,«;>=  P{j  -  L;  +  n,j  +  Dij  +  Tij 

at  xk 

Les  differents  termes  du  second  membre  s’explicitent,  de  facon  classique: 

-  terme  de  production:  PtJ  =  —  ( <  u-  u-  >  <  U]  >,k  <u-uk>  <  Ui  >  ,k  ) 

-  terme  de  dissipation:  e|;  =  2v<ui,kuJ,k  > 

-terme  de  correlation  vitesse-pression:  Il|;  =  — <  utp +  u-pu  > 

-terme  de  diffusion:  Dyj  —  i/<uiUj>,kk 
-terme  de  transport  turbulent:  Tt]  =  —  [ui  u}  uk  ),k 

Pour  I’ensemble  de  ces  termes,  la  moyenne  d’ensemble  <.>  est  obtenue  par  une  moyenne 
temporelle  (7)  de  la  moyenne  en  espace  < . >  yY  effectue'e  suivant  les  directions  homogenes 
X  et  Y:  <.>  =  <.>xy. 

Les  figures  8  a  10  montrent  les  e'volutions  de  ces  diffe'rents  termes  pour  les  composantes 
<«l«1>  ,  <u2«2>  ,  <«3u3>,  et  <«1«3>  du  tenseur  de  Reynolds. 
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FIGURE  10  :  termes  de  bilan  pour  <u1«3> 

(a)  presente  simulation  (b)*extrait  de  Kim,  Moin,  Moser  1987 

Les  comparaisons  avec  les  resultats  de  Kim,  Moin,  Moser  1987  montrent  que,  compte  tenu 
de  la  faible  discretisation  adoptee,  les  resultats  sont  tres  satisfaisants  excepte'  pour  les 
termes  de  transport  turbulent  (Tn  et  T13  en  particulier)  qui  font  intervenir  des  derivees  de 
correlations  d’ordre  3. 


4.  -  PRECISION  DES  RESULTATS 

4.1  -  INFLUENCE  DE  LA  DISCRETISATION 

L’expe'rience  numerique  montre  que  les  codes  de  simulation  utilisant  une  discretisation 
spatiale  par  differences  finies  d’ordre  2  peuvent  fournir  des  statistiques  d’ordre  2 
(<«1«^>,..)  e'quivalentes  a  celles  obtenues  avec  des  codes  spectraux  moyennant  des 
discretisations  deux  a  trois  fois  supe'rieures  par  direction  d’espace.  Les  statistiques  d’ordre  3 
ne  peuvent  cependant  etre  obtenues  qu’avec  des  discretisations  encore  plus  fines  ou  des 
schemas  plus  precis.  En  raison  de  la  difficulte'  a  imposer  des  conditions  aux  limites 
inhomogenes  par  methode  globale  de  type  spectral,  un  bon  compromis  entre  precision  et 
facilite'  d’implementation  semble  etre  comme  on  le  voit  ici  d’utiliser  des  schemas  aux 
differences  finies  d’ordre  4.  L’examen  des  spectres  E(KX,Z )  (respectivement  E(Ky,Z ) 
obtenus  en  sommant  dans  chaque  plan  spectral  Z  =  Cte  1’energie  par  bande  Kx  =  Cte  ( 
Ky  =  Cte  )  donne  une  ide'e  de  la  maniere  dont  les  structures  turbulentes  sont  resolues  par 
le  maillage,  dans  chaque  direction.  Cette  resolution  est  satisfaisante  dans  la  direction  X:  les 
spectres  decroissent  d’au  moins  deux  decades  meme  tres  pres  de  la  paroi  (figure  11. a).  La 
taille  carateristique  des  structures  e'tan  t  nettement  plus  faible  dans  la  direction 
transversale,  les  spectres  E(Ky,Z)  ont  un  taux  de  decroissance  insuffisant  (figure  ll.b). 


ds2crgi.spi 
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FIGURE  11  :  spectres  d’energie,  discretisation:  18.18.65 

Les  re'sultats  sont  ameliores  (quoique  de  maniere  encore  insuffisante),  en  augmentant  le 
nombre  de  points  dans  la  direction  transversale  comme  le  montrent  les  spectres  obtenus 
avec  18.32.65  points  (figures  12. a  et  12. b) 


FIGURE  12  :  spectres  d’e'nergie,  discretisation:  18.32.65 

L’influence  de  la  discretisation  est  particulierement  sensible  en  ce  qui  concerne  les  termes  de 
transport  turbulent  Tn  et  T13  de'ja  inentionnes.  Les  resultats  sont  nettement  ameliores 
avec  18.32.65  points  comme  le  montrent  les  figures  13. a  et  13. b  (  a  comparer  avec  les 
figures  8.b  et  lO.b  respectivement). 
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FIGURE  13  :  termes  de  bilan,  discretisation  18.32.65 
(a)  pour  (b)  pour  <u1u3> 


4.2  -PRECISION  DU  SCHEMA  EN  ESP  ACE,  PROPRIETES  DE  CONSERVATION  AU 
SENS  DISCRET 


Pour  obtenir  des  integrations  numeriques  stables  sur  un  grand  nombre  de  pas  de  temps,  il 
est  necessaire  d’assurer  une  conservation,  au  sens  discret,  de  la  quantite'  de  mouvement  et 
de  l’e'nergie  (dans  le  cas  sans  production  d’energie  cinetique  et  sans  viscosite).  Ceci  a 
conduit  certains  auteurs  a  adopter  des  formes  mieux  adapte'es  pour  le  terme  de  convection  ( 
Mansour,  1977  ),  (  Horiuti,I987  ),  soit  la  forme  Totationnelle’: 

du{  du,  duJ  l  diUjUj) 

Uj - -  UA - -)  + - LJ- 

dx-  dx-  dx-  2  dx- 

adoptee  ici,  soit  la  forme  d’Arakawa: 

dUi  i  dUjUj  c)Ux  dU- 

U. - -  -( - ~  H  - )  +  Ux  — — 

dxj  2  dxj  '  3xj  dxj 

Neanmoins,  l’adoption  de  la  forme  Totationnelle’  et  d’un  schema  de  diflerences  finies 
d’ordre  2  peut  mener  a  des  impre'cisions  pres  de  !a  paroi,  pour  les  termes  de  bilan  de 
l’equation  de  conservation  pour  le  tenseur  de  Reynolds  (voir  la  figure  16  de  Moin,  Kim  1982 
).  Cet  inconvenient  peut  etre  e'vite  en  adoptant  la  forme  d’Arakawa  (Horiuti  1987  )  ou 
comme  nos  simulations  le  confirment  en  adoptant  un  schema  plus  precis  d’ordre  supe'rieur 
ou  egal  a  4. 

5.-  CONCLUSIONS  ET  PERSPECTIVES 


La  me'thode  nume'rique  presentee  permet  de  simuler  des  e'coulements  turbulents  de  canal, 
avec  ou  sans  modele  de  sous-maille. 

Dans  le  cas  du  canal  plan  comportant  deux  directions  d’homoge'neite'  traite'  ici, 
(’optimisation  de  1’algorithme  de  calcul  et  1’optimisation  informatique  eflectuee  sur 
calculateur  vectoriel  ont  permis  d’obtenir  un  cout  de  calcul  tout  a  fait  competitif  de  I’ordre 
de  1.5  10  seconde  CPU/point  de  maillage  /pas  de  temps. 
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Une  procedure  de  simulation  a  debit  constant  et  ues  conditions  initiates  appropriees 
permettent  d’obtenir  rapidement  un  ecoulement  de  canal  turbulent  statistiquement 
stationnaire  et  d’effectuer  les  moyennes  statistiques  en  espace  et  en  temps  necessaires  a 
l’obtention  des  quantite's  inte'ressant  la  modelisation  classique  de  la  turbulence.  Les 
re'sultats  obtenus  pour  les  moments  d’ordre  2  sont  tres  satisfaisants,  compte  tenu  de  la 
faible  discretisation  utilisee.  La  precision  peut  *ftre  ame'liore'e  en  ce  qui  concerne  les 
moments  d’ordre  trois,  soit  par  une  amelioration  de  la  discretisation,  soit  par  1’utilisation 
de  differences  finies  d’ordre  superieur  pres  des  parois. 
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R4sum£ 

On  presente  des  simulations  numeriques  de  couches  de  melange  se  developpant  a  partir  d’un  profil  de  vitesse  de  base  en 
tangente  hyperbolique,  auquel  est  superposee  une  perturbation  aleatoire  infinitesimale.  On  visualise  les  cartes  de  tourbillon 
et  de  temperature  passive.  Les  cas  suivants  sont  envisages: 

a)  Une  couche  de  melange  bidimensionnelle  avec  des  conditions  aux  limites  periodiques  dans  la  direction  de  1’ecoulement 
de  base  (couche  temporclle) .  Le  code  numerique  utilise  des  methodes  aux  differences  finies,  et  les  calculs  sont  faits  pour 
des  nombres  de  Reynolds  de  1000  et  10000. 

b)  Une  couche  de  melange  se  developpant  spatialement. 

c)  Une  couche  de  melange  tridimensionnelle  dans  l’approximation  temporelle  (simulation  des  grandes  echelles,  code 
numerique  pseudo-spectral). 

Dans  le  cas  bidimensionnel,  on  montre  que  les  structures  coherentes  se  developpent  a  partir  de  1’instabilite  de  Kelvin- 
Helmholtz.  Elies  interagissent  en  appariements  successifs,  ont  un  comportement  impredicible,  et  possedent  un  spectre 
spatial  a  bande  large  de  pente  comprise  entre  k~ 3  et  k~*. 

Dans  le  cas  tridimensionnel,  une  viscosite  turbulente  sous-maille  permet  d’atteindre  des  nombres  de  Reynolds  impor- 
tants:  on  etudie  alors  l’interaction  entre  les  structures  coherentes  a  grande  echelle  et  la  turbulence  tridimensionnelle  petite 
echelle  qui  cascade  suivant  un  spectre  d’energie  en  Jfc-5/5. 


Abstract 

We  present  numerical  simulations  of  mixing  layers  developing  from  a  hyperbolic  tangent  basic  velocity  profile  to  which 
is  superposed  an  infinitesimal  random  perturbation.  The  vorticity  and  passive  temperature  charts  are  visualized.  The 
following  cases  are  envisaged: 

a)  A  two-dimensional  mixing-layer  with  periodic  boundary  conditions  in  the  flow  direction  ( temporal  mixing  layer). 
The  numerical  code  uses  finite  differences  methods  and  calculations  are  done  at  a  Reynolds  number  of  1000  and  10000. 

b)  A  two-dimensional  spatially  developing  mixing  layer. 

c)  A  three-dimensional  temporal  mixing  layer  (large-eddy  simulation,  pseudo-spectral  code). 

In  the  two-dimensional  case,  it  is  shown  that  the  coherent  structures  develop  from  the  Kelvin-Helmholtz  instability. 
They  undergo  successive  pairings,  are  shown  to  be  unpredictable,  and  possess  a  broad  band  spatial  spectrum  of  slope 
comprised  between  k~3  and  k~* . 

In  the  three-dimensional  case,  a  spectral  subgrid-scale  eddy-viscosity  allows  to  reach  high  Reynolds  numbers.  One 
studies  thus  the  interaction  between  large-scale  coherent  structures  and  small-scale  three-dimensional  turbulence  which 
cascades  along  a  k~i/s  kinetic  energy  spectrum. 

Liste  des  Symboles 
J:  Jacobien 

L:  taille  du  domaine  de  calcul 
u(y):  champ  de  vitesse  de  base 
u:  champ  de  vitesse  instantane 

U i ,  C/j :  vitesses  des  deux  courants  dans  la  couche  de  melange  spatiale 

U:  demi-difterence  de  vitesses 

6:  Ipaisseur  de  vorticite 

6,:  epajsseur  de  vorticite  initiate 

9(x,  y,  t):  temperature  passive 

ic:  conductivity  mollculaire 

A.:  longueur  d’onde  du  mode  le  plus  amplifie 


k„  =  2*-/Aa:  mode  longitudinal  le  plus  amplify 

u:  viscosite  moleculaire 

i>i:  viscosite  sous-maille  biharmonique 

<l>(x,y,t):  function  de  courant 

u:  champ  de  tourbillon 

:  operateur  de  derivee  en  suivant  le  mouvement 

1  Introduction 
k:  nombre  d’onde 

kc:  nombre  d’onde  de  coupure  en  simulation  des  grandes  echelles 

r(t):  taux  d’erreur 

E[k):  spectre  d’energie  cinetique 

7'( Ar| A:c) :  transfert  sous-maille  d’energie  cinetique 

t/t(k\kc):  viscosite  turbulente  spectrale  sous-maille 

Kt(k\kc):  diffusivite  turbulente  spectrale  sous-maille 

Des  structures  quasi-bidimensionnelles  spatialement  organisees  sont  frequemment  rencontrees  dans  des  ecoulements 
cisailles  libres  a  grand  nombre  de  Reynolds  tels  que  les  couches  de  melange  [l],  et  les  jets  ou  sillages  [2],  Ces  structures 
sont  particulierement  frequentes  en  aeronautique,  par  exemple  apres  detachement  d’une  couche  limite.  Elies  jouent  un  role 
important  dans  le  transport  de  quantite  de  mouvement  ou  de  chaleur,  et  sont  capitales  dans  les  processus  de  transition  a 
la  turbulence.  Elies  interviennent  egalement  en  combustion,  ou  elles  determinent  souvent  les  fronts  de  flamme. 

Nous  nous  limiterons  ici  a  l’etude  de  la  couche  de  melange  incompressible,  consideree  comme  prototype  d’ecoulement 
turbulent  ou  coexistent  structures  coherentes  et  turbulence  a  plus  petite  echelle.  Nous  nous  interesserons  successivement  a 
la  couche  de  melange  bidimensionnelle  periodique  dans  la  direction  de  i’ecouiement  de  base  (couche  temporelle),  la  couche 
bidimensionnelle  se  developpant  spatialement  (couche  spatiale),  et  la  couche  temporelle  tridimensionnelle.  Des  resultats 
concernant  le  jet  de  Bickley  sont  donnes  dans  les  references  [3]  et  [4], 

2  La  couche  de  melange  temporelle  bidimensionnelle 

2.1  M£thodes  num£riques 

Nous  resolvons  numeriquement  1’eq  tation  de  Navier-Stokes  bidimensionnelle 


Figure  1:  domaine  de  c&lcul  et  fcoulement  de  base  de  la  couche  de  melange  bidimensionnelle  temporelle. 


eat  la  vorticite,  ip  etant  la  fonction  de  courant  de  l’ecoulement.  L’operateur  D/Dt  eat  la  derivee  Lagrangienne  en  suivant 
le  mouvement  de  la  parcelle  fluide,  donnee  par 


D_ 

Dt 


Tt  +  J (■•*> 


(3) 


oil  J(A,  B)  =  dA/dx  -  dB/dy  eat  l’operateur  Jacobien. 

L’ecoulement  initial  de  base 

u(y)  =  U  tanh(2y/6j)  (4) 


correspond  approximativement  au  profil  de  vitesse  moyen  d’une  couche  de  melange  turbulente  entre  deux  ecoulements 
paralleles  Ui  et  Uj,  lorsque  Ton  se  place  dans  un  repere  Galileen  de  vitesse  (U,  +  t/j)/2,  avec  U  =  (U i  -  £/j)/2  (voir 
Figure  1).  6,  eat  l’epaisseur  de  tourbillon  initiale.  A  ce  profil  eat  initialement  auperposee  une  perturbation  aleatoire  de 
faible  amplitude  (bruit  blanc)  modulee  dans  la  direction  y  par  une  gaussienne  de  largeur  6, .  On  suppose  une  periodicity 
L  dans  la  direction  x,  et  le  domaine  de  calcul  eat  un  carre  de  cote  L.  Lea  conditions  aux  limites  pour  y  =  :t  L/2  sont 
ties  conditions  de  non  frottement.  Lea  methodes  numeriques  utilisees  sont  des  differences  finies  sur  une  grille  reguliere  de 
256  x  256  points  de  grille,  et  sont  decrites  dans  [3]  et  [5j. 

Ce  calcul  correspond  a  des  etudes  de  transition  dans  les  experiences  de  couche  de  melange  non  forcee,  le  bruit  blanc 
representant  la  turbulence  residuelle  due  aux  couches  limites  de  part  et  d’autre  du  bord  de  fuite.  11  donne  aussi  des 
informations  sur  la  formation  de  structures  coherentes  dans  une  couche  de  melange  turbulente. 

La  diffusion  d’un  scalaire  passif  8,  que  nous  appellerons  temperature,  est  etudiee  simultanement.  Ce  dernier  satisfait 
une  equation  analogue  a  [1] 

-§-t»  =  KV*8  (5) 


ou  x  est  la  conductivity  moleculaire.  Le  nombre  de  Prandtl  sera  ici  pris  egal  a  1.  La  distribution  initiale  de  scalaire 
passif  est  identique  au  profil  de  vitesse  de  base  donne  par  (4),  en  sorte  que  celui-ci  permettra  de  visualiser,  tel  un  colorant 
numerique,  le  melange  entre  les  deux  courants  de  vitesse  U  ex.  -U  respectivement. 

Afin  d'accroitre  le  nombre  de  Reynolds,  nous  avons  aussi  fait  des  etudes  oil  le  terme  dissipatif  i/V’to  dans  (l)  est 
remplace  par  -iqV^oi  .  Cette  modification,  frequente  en  turbulence  bidimensionnelle,  rejette  les  effets  dissipatifs  vers  des 
echelles  praches  de  la  maille  de  calcul  Ax.  Dans  le  cas  de  la  simulation  numerique  directe  (viscosity  moleculaire),  le  nombre 
de  Reynolds  initial  U8,/i>  est  egal  a  1000.  Dans  le  cas  de  la  simulation  des  grandes  echelles  (dissipativite  modifiee),  le 
nombre  de  Reynolds  equivalent  USf  /u\  (rapport  des  forces  d’inertie  et  de  diffusion)  est  egal  a  10000.  La  meme  modification 
est  faite  pour  le  scalaire  passif,  avec  un  nombre  de  Prandtl  generalise  egal  a  1.  Notons  que  les  principaux  resultats  different 
peu  entre  ces  deux  nombres  de  Reynolds,  pour  les  calculs  bidimensionnels. 


2.2  Dynamique  des  structures  cohyrentes 

Pour  respecter  la  condition  de  periodicity  en  x,  L  doit  etre  un  multiple  de  la  longueur  d’onde  fondamentale  A„,  mode  le 
plus  amplifie  dans  la  theorie  de  [’instability  lineaire:  en  effet,  la  perturbation  aleatoire  va  injecter  de  l’energie  dans  tous 
les  modes,  et,  puisque  la  croissance  de  l’instabilite  est  initialement  exponentielle,  c’est  le  mode  ayant  le  plus  fort  taux 
d’amplification  qui  apparaitra  le  premier.  La  couche  rotationnelle  initiale  d’epaisseur  Si  va  dans  un  premier  temps  osciller, 
puis,  par  induction  de  vorticite,  former  une  rangee  de  tourbillons  de  Kelvin- Helmholtz  de  longueur  d’onde  A„.  Aux  nombres 
d-  R^y:  -!.!■  ici,  A„  est  !.  dependant  6-  !a  viscosite.  et  approximativement  egal  a  7  6,.  La  Figure  2  montre  le 

champ  de  temperature  correspondant  au  premier  enroulement  dans  un  calcul  faisant  intervenir  8  tourbillons  primaires. 
Les  Figures  3  et  4  montrent  les  champs  de  vorticite  et  de  temperature  respectivement  &  la  fin  du  premier  et  du  deuxieme 
appariement.  On  verifie  que  la  temperature  s’enroule  autour  des  concentrations  de  tourbillon.  Ces  images  presentent  des 
analogies  frappantes  avec  les  visualisations  experimentales  du  melange  entre  deux  ecoulements  ryagisant  cbimiquement, 
presentees  dans  [6]. 


2.3  Caractyristlques  spectrales  et  imprddlclbllity 

Nous  avons  etudie  dans  les  references  (3|  et  (5 j  les  spectres  spatiaux  longitudinaux  d’ynergie  cinetique  et  de  temperature: 
il  a  ete  montre  que  le  spectre  d’energie  cinetique,  initialement  constitue  d’un  pic  au  mode  fondamental  fca  =  2x/A„,  et 
de  ses  harmoniques,  developpe  une  zone  de  type  inertiel  au  moment  du  premier  appariement.  La  pente  de  tette  zone  est 
comprise  entre  k~s  et  k~* .  Nous  avons  egalement  ytudie  dans  [5]  la  predicibility  de  la  couche  de  myiange,  en  considerant 
deux  ecoulements  u i(x,  y,  t)  et  u2(z,  y,  (),  constitues  initialement  d’allees  de  tourbillons  de  Kelvin-Helmholtz  tr^s  proches: 
ces  champs  sont  obtenus  a-partir  du  profil  de  base  (4),  auquel  est  superposee  la  meme  perturbation  deterministe  au  mode 
fondamental,  et  deux  realisations  differentes  du  bruit  blanc.  Le  taux  d’erreur,  defini  corame 


r(t)  = 


<  [Ul  -  Uz]3]  > 

2  <  U*  > 


(6) 


croit  d’abord  exponentiellement,  puis  sature  sous  1’effet  de  la  periodicity  en  x.  Pour  un  calcul  A  16  tourbillons  initiaux, 
r(t)  atteind  la  valcur  0.3,  et  il  est  vraisemblable  qu'un  calcul  comprenant  un  plus  grand  nombre  de  tourbillons  conduirait 
a  une  decorrelation  complete  entre  les  deux  champs. 

Ce  type  de  couche  de  myiange  temporelle  fibre  conduit  done  a  la  formation  de  structures  cohyrentes,  mais  qui  ont  un 
spectre  spatial  d’energie  cinetique  i  bande  large,  et  dont  la  dynamique  est  impredicible.  Ces  deux  conditions  semblent 
suffisantes  pour  confyrer  A  un  tel  ecoulement  un  caractAre  de  turbulence  bidimensionnelle. 


Figure  3*  meme  calcu!  que  ci-dessus;  champ  de  vorticite  (a)  et  de  temperature  (b)  a  1 'issue  du  premier  appariement. 


Figure  5:  couche  de  melange  spatiale;  champ  de  vorticite  (a)  et  de  temperature  (b). 
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3  La  couche  de  melange  spatlale  bidimensionnelle 

Le  code  de  calcul  precedent  a  ete  adapte  au  calcul  d’une  couche  de  melange  spatiale,  a  partir  d’un  ecoulement  amont  en 
tangente  hyperbolique  d’epaisseur  6,  perturbe  par  un  bruit  blanc  regenere  a  cheque  pas  de  temps.  Le  domaine  de  calcul  est 
maintenant  rectangulaire  (resolution  512  x  64),  avec  une  condition  aval  de  frontiire  ouverte  (rayonnement  de  Sommerfeld). 
Le  nombre  H  Reynolds  amont,  construit  sur  la  demi-difference  de  vitesses,  et  une  dissipation  biharmonique,  eat  de 
1000.  Le  rapport  de  vitesse  (U i  -  Uj)/(U i  +  f/j)  est  pris  <gal  a  0.43,  comme  dans  [’experience  de  [1).  A.  pres  une  phase 
de  mise  en  regime,  on  observe  un  ecoulement  statistiquement  stationnaire  represente  sur  les  Figures  5a  (vorticite)  et  5b 
(temperature):  on  voit  tres  nettement,  en  suivant  le  mouvement  moyen,  la  formation  de  structures  coherentes  et  leurs 
appariements.  Les  epaisseurs  de  vorticite  et  de  temperature  ont  un  taux  de  croissance: 


U  i  +  Ui  dS 
Ui  -U,  di 


0.17 


en  bon  accord  avec  les  experiences,  et  ceci  est  confirme  par  un  calcul  i  plus  grand  rapport  de  vitesse  0.7. 


n 


4  Une  appro che  bidlmenslonnelle  de  la  trldlmensionnalUatlon 
Les  resultats  obtenus  ci-dessus  sur  la  croissance  de  1’impredicibility  dans  une  couche  de  melange  bidimensionnelle  tent- 
porelle  permettent  de  tirer  quelques  conclusions  en  ce  qui  concerne  la  tridimensionnalisation  d’une  couche  de  mdlange 
temporelle  tridimensionnelle  initialement  quasi-bidimensionnelle:  considerons,  a  un  instant  initial  to,  deux  sections  trans- 
verses  u(z,y, *i,t)  et  u(z,y de  l’^coulement,  d’epaisaeur  de  vorticite  S.  Celles-ci  sont  presque  identiques  puisque 
celui-ci  est  quaai-bidimensionnel.  Supposons  que  la  distance  suivant  l’envergure  z\  -  zj  soit  beaucoup  plus  grande  que 
l’echelle  de  correlation  suivant  z  d’une  couche  de  melange  turbulente  developpee  qui,  d’apres  les  experiences,  est  de  l’ordre 
de  6  S  .  On  peut  alors  supposer  que  les  deux  champs  ui  =  u(z, y, zi,t)  et  uj  =  u(x,y, zj,t)  satisfont  deux  equations  de 
Navier-Stokes  independantes  et  appliquer  les  resultats  d’impredicibilite  du  paragraphe  2-3.  L’fcart  entre  les  deux  sections 
va  croitre,  et  c  nc  la  tridimensionnalite.  Parmi  les  mecanismea  physiques  conduisant  a  la  perte  de  predicibiliU,  on  peut 
citerl’appariement  de  tourbillons,  qui  peut  se  produire  plus  vite  ou  dans  une  region  differente  de  l’espace  pour  l’un  des  deux 
champs:  il  en  reaulte  1’apparition  de  defauts  dans  les  rouleaux  de  Kelvin- Helmholtz,  et  la  tridimensionnalite  correspondante 
aura  les  caracteristiques  de  la  turbulence  de  phase  observee  pour  les  rouleaux  de  Rayleigh- Benard  en  convection  thermique. 
Ce  phenomine  est  reprisent^  sch4matiquement  sur  la  Figure  6. 

Nous  avons  developpe  dans  [5{  un  formalisme  mathematique  plus  precis  permettant  de  relier  l’impredicibilite  bidimen¬ 
sionnelle  a  la  croissance  d’une  instability  tridimensionnelle:  on  suppose  que  le  champ  de  vitesse  tridimensionnel  peut  se 
mettre  sous  la  forme 

=  «»tD(*.V,0  +  '/2usx>(*,V,0  sinTz  (8) 

oil  ujn  et  u$o  sont  deux  champs  bidimensionnels  al4atoires  non  divergents  par  alleles  au  plan  (x,  y).  On  a  done  superpose 
au  champ  de  base  bidimensionnel  une  onde  selon  l’envergure  z  (voir  Figure  7).  Si  l’on  reporte  (8)  dans  l’equation  de  Navier- 
Stokes  tridimensionnelle,  et  que  l’on  tronque  suivant  z  en  ne  retenant  pas  les  termes  faisant  intervenir  le  mode  harmonique 
2F,  on  obtient  pour  ujp  +  «sd  et  «io  -  «so  deux  equations  de  Navier-Stokes  bidimenaioaneUes  iodSpendantea,  en  aorte 
que  l’on  est  ramen4  au  problbme  de  predicibility  bidimensionnelle.  On  peut  alors  facilement  identifier  le  taux  d’erreur  r(t) 
de  l’yquation  (6)  avec  l’ynergie  cinytique  tridimensionnelle  moyenne  par  unite  de  volume  provenant  de  la  contribution  en 
sin  T z  dans  (8).  Li  encore,  croissance  d’imprydicibilite  s’identifie  i  croissance  de  tridimensionnality. 

Notons  enfin  que  cette  instability  tridimensionnelle  associye  a  l’impredicibility  bidimensionnelle  n’a  pas  de  longueur 
d’onde  pryfyrentielle  suivant  z. 


Figure  6:  apparition  de  dyfauts  dans  une  couche  de  myiange  tridimensionnelle  temporelle. 
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Figure  7:  destabilisation  tridimensionnelle  d’un  rouleau  de  Kelvin- Helmholtz  (d’aprfes  [7]). 

5  Simulations  tridimensionneUes  des  grandes  6chelies 
Nous  avons  developpe  an  code  pseudo-spectral  de  simulation  des  grandes  echelles  pour  le  calcul  de  la  couche  de  melange 
temporelle  tridimensionnelle.  Ce  code,  qui  resout  egalement  la  diffusion  d'un  scalaire  passif,  utilise  le  concept  de  viscosite 
et  diffusivite  spectrales  developpe  par  Kraichnan  et  mis  en  oeuvre  par  Chollet  et  Lesieur  pour  la  modelisation  sous-maille 
de  Is  turbulence  isotrope  (voir  [7]).  La  viscosite  turbulente  spectrale 

=  -T(klkc)/2k*E(k)  (9) 

est  obtenue  a  partir  du  transfert  d'energie  cinetique  T(k(kc)  a  travers  le  mode  de  coupure  kc,  par  un  calcul  utilisant  le 
modele  stochastique  E.D.Q.N.M.  de  la  turbulence.  En  supposant  que  le  spectre  d’energie  au-dela  de  la  coupure  est  oc  Jfc_5/S, 
on  obtient  la  forme  simplifiee  suivante,  qui  sera  utilise  ensuite  dans  tous  les  cas: 

=  (0.267  +  9.21  exp  -3fcc/Jfc)  [£7(Jtc)/fcc] 1/a  (10)  , 

E(kc)  etar‘  ’e *re  d’energie  au  nombre  d’onde  de  coupure  kc.  Cette  viscosity  turbulente  spectrale  est  ensuite  simplement 
rajoutee  *  1-  :  »  .  ;ite  moleculaire  dans  le  code  spectral.  Elle  permet  d’obtenir,  dans  des  caiculs  de  decroissance  libre  de 
turbulence,  de*  spectres  inertiels  en  decroissance  auto-similaire,  de  pente  proche  de  k~l/s  au  voisinage  de  la  coupure. 
LPnergie  cinetique  A(  roit  dans  ces  caiculs  en  en  bon  accord  avec  les  experiences  de  turbulence  de  grille. 

Le  nombre  i.  t  -andtl  turbulent  ^t(k\kc)/Kt(k\kc),  oil  x<(ifcjlce)  est  la  diffusivite  turbulente  spectrale  calcuiee  A  l’aide 
des  transr  rtr  et  du  spectre  de  temperature,  est  pris  constant  et  egal  A  0.6.  En  fait  des  travaux  recents  [8]  montrent  qu’il 
croit  avec  k  er.tre  les  valeurs  de  0.2  et  0.8.  Mais  cette  variation  n’a  pas  d’incidence  sur  les  caiculs  qui  vont  suivre,  oil  la 
temperature  passive  n’est  utilises  que  comme  colorant  numerique,  pour  visualiser  les  structures  de  recoupment. 

Le  domaine  de  calcul  dans  l’espace  physique  est  un  paralieiepipAde  rectangle  de  cotes  LIt  Lt  et  L,.  LPcoulement  de 
base  est  encore  donne  par  (4).  La  temperature  passive  a  une  distribution  identique.  On  suppose  la  periodicite  suivant  z  et 
z.  Dans  l’espace  de  Fourier,  la  resolution  est  de  64  points  suivant  kx  et  k,  et  32  points  suivant  kt. 

Dans  le  calcul  que  nous  presentons,  Lz  =  2A„.  On  superpose  A  1’ecoulement  de  base  un  bruit  blanc  d’energie  cinetique 
<  «•'*  >=  10~4C/V  La  Figure  8  montre  la  surface  d’iso-valeurOdu  scalaire  passif,  au  moment  de  la  croissance  de  I’instabiUte 
bidimensionnelle  primaire.  La  Figure  9  montre  la  meme  surface  aprAs  ‘roll  up”  des  deux  rouleaux  de  Kelvin-Helmholts. 


Figure  8:  iso-surface  9  —  0  du  scalaire  passif  dans  une  couche  de  melange  temporelle  tridimensionnelle  4  deux  tourbilloos 

(*  =  17  ti/U  )■ 


La  Figure  10  montre  au  me  me  instant  la  vorticite  “primaire*  correspondant  4  une  iso-valeur  (u<)mu(/2  .  La  Figure 
11  montre  la  surface  d’iao-valeur  (wx)msx/2  pour  la  composante  longitudinals  u,  de  la  vorticite.  On  voit  apparaitre  des 
structures  tourbillonnairea  longitudinales,  qui  pourraient  etre  analogues  4  celles  misee  en  Evidence  exp4rimentalement  dans 
[9)  et  numeriquement  dans  (10). 

Enfin  la  Figure  12  montre  un  peu  plus  tard,  au  moment  de  1’appariement  des  deux  rouleaux  de  Kelvin-Helmholts,  les 
spectres  spatiaux  tridimensionnels  de  la  temperature,  de  l’4nergie  cinitique  totale,  et  des  trois  composantes  des  fluctuations 
de  vitesse.  On  voit  comment  ces  spectres,  4  partir  de  dfcroissance  initiate  exponentielie,  se  sont  developpes  vers  les  petite* 
echelles  (avec  une  pente  ici  comprise  entre  et  fc-J):  ceci  montre  1’apparition  de  turbulence  tridimensionnelle  ayant 

certaines  caracUristiques  de  turbulence  isotrope.  La  condition  d’isotropie  n’est  cependant  pas  r4alis4e  lorsque  l'on  considers 
individuellement  les  trois  composantes  de  vitesse,  puisque  l’on  trouve  4  cet  instant: 

<  o'1  >=  0.1217* 

<  u'1  >=  0.02tf* 

<  u>'J  >  =  0.Q6U1 

Ces  valeurs  sont  en  asses  bon  accord  avec  les  experiences  en  ce  qui  concerne  les  composantes  u'  et  w'.  En  revanche  la 
composantes  v'  trouvie  numeriquement  est  groesi4rement  sous-estim4e  par  rapport  4  sa  vaieur  experimental*,  laquelle  est 
tr4s  14g4rement  inferieure  4  u>'.  Cette  difference  pourrait  4tre  due  4  trois  raisons:  en  premier  lieu,  la  turbulence  n’eet  pas 
encore  complitement  developpe*.  D’autre  part  il  ne  rest*  plus  alors  qu’un  seul  rouleau  dans  le  domains  de  calcul,  et  les 
moyennes  spatiales  longitudinales,  faites  sur  une  seule  longueur  d’onde,  ont  peu  de  signification  statistique  par  rapport 
aux  moyennes  temporellea  experimentales  faites  sur  un  grand  nombre  de  structures  coherentes.  Enfin  toute  1’evolution 
uiterieure  de  la  couche  est  faussee  par  la  condition  de  period  icite  suivant  z,  comme  il  a  ete  montre  dans  [S]  pour  des  calculs 
bidimensionnels.  Des  calculs  impliquant  un  plus  grand  nombre  de  tourbillons  prim ai res  sont  done  necessaires,  et  sont 
actuellement  en  cours. 


Figure  12:  epectrea  apatiaux  tridimenaioiinela  de  temperature  (courbe  du  haut),  d’^nergie  cinetique  (courbe  intermWiaire), 
et  dee  troia  compoaantea  dee  fluctuation!  de  viteeie  (courbea  du  baa)  (t  =  35  Si/U  ).  Lea  deux  lignee  droitea  reprieentent 
une  pente  en 
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FLUID  DYNAMICS  PANEL  -  ROUND  TABLE  DISCUSSION 
Cesme,  'Turkey 

Prof.  Young 

It  is  my  happy  task  to  introduce  to  you  Professor  G.M.  Lilley  of  Southhampton  University  who  kindly 
volunteered  with  only  a  little  pressure  to  be  the  Technical  Evaluator  and  he  will  give  a  sum.ry  of  his 
report  that  he  is  preparing. 

Prof.  Lilley 

Thank  you  Professor  Young  and  members  of  the  AGARD  Fluid  Dynamics  Panel.  It  is  a  privilege  to  be  invited 
to  take  on  this  task  of  the  technical  evaluation.  At  this  stage  in  the  proceedings  I  can  only  say  that 
all  the  speakers  and  those  that  contributed  to  the  discussions  have  set  me  a  nearly  impossible  task.  I 
think  you  will  all  agree  that  to  be  alert  for  four  and  a  half  days  and  to  get  to  grips  with  some  of  the 
very  major  issues  and  the  very  complicated  problems  that  many  of  you  have  set  out  in  the  various  papers 
that  you  have  contributed,  poses  one  with  a  very  difficult  task  in  presenting  even,  one  might  say,  a 
snapshot  of  the  major  conclusions  which  can  be  drawn  from  this  symposium.  I  hope  you  will  bear  with  me. 

I  will  try  to  keep  my  remarks  as  brief  as  possible  although  I  hope  I  can  pay  credit  to  the  various 
contributions  that  have  been  made.  I  hope  you  will  allow  me  to  take  my  time  after  this  meeting  to  come 
forward  with  my  full  evaluation  of  the  meeting,  and  if  I  do  come  forward  in  my  final  report  with  perhaps 
some  slightly  different  and  more  concrete  conclusions  than  I  present  here  today,  I  hope  you  will  accept 
those  in  the  spirit  in  which  I  will  finally  deliver  them. 

Before  I  present  some  of  the  conclusions  I  have  reached  from  this  meeting,  I  would  like  to  remind  you  of 
the  goals  that  were  set  by  the  Program  Committee.  It  will  only  take  a  few  minutes  to  discuss  these.  If  I 
read  correctly  the  various  notes  prepared  by  the  Program  Committee  and  as  presented  by  Prof.  Young  at  the 
start  of  this  meeting,  it  appears  that  many  of  the  questions  they  posed  could  be  channelled  into  two  major 
objectives.  Firstly,  it  was  to  consider  progress  on  the  improvements  in  prediction  schemes  for 
three-dimensional  flows,  involving  laminar,  transition  and  turbulent  boundary  layers.  Secondly,  it  was  to 
review  the  state-of-the-art  in  the  understanding  of  the  physical  and  dynamic  processes  governing  the  flow 
structure  in  the  various  three-dimensional  shear  layers,  particularly  in  transitional  and  turbulent  flow, 
and  which  include  attached  and  separated  flows  on  wings  and  bodies  and  internal  duct  flows  as  well  as  in 
mixing  regions.  As  part  of  this  goal  was  an  objective  to  consider  the  differences  in  flow  structure  which 
occur  in  three-dimensional  flows  from  those  which  are  present  in  corresponding  flows  in  two-dimensions. 
Overall  there  was  the  expectation  that  with  progress  made  on  these  two  objectives  there  would  be 
consequential  improvements,  or  suggestions  relating  to  improvements,  in  turbulence  models  suitable  for 
these  flows.  It  was  expected  that  attention  would  be  focused  on  gaps  in  knowledge  and  that  these  would 
form  the  basis  for  future  research.  These  were  basically  the  goals. 

I  would  like  to  open  my  remarks  by  speaking  first  on  this  final  objective  which  concerns  turbulence 
modelling.  As  Prof.  Young  said  in  his  Introduction  we  often  see  good  results  presented  from  a  model  yet 
the  flow  physics  is  poorly  understood.  But  then  this  is  not  so  surprising  for  although  the  physics  of 
turbulence  as  well  as  transition  is  poorly  understood,  the  results  using  turbulence  models  always  need  to 
be  calibrated  against  good  experimental  data.  I  would  like  to  clarify  this  by  making  a  few  remarks  which 
I  hope  will  complement  the  excellent  presentation  and  review  on  the  state-of-the-art  in  turbulence 
modelling  given  by  Prof.  Launder  this  morning.  I  am  sure  we  all  accept,  and  this  came  out  clear  in  Prof. 
Launder's  lecture,  that  in  the  modelling  of  three-dimensional  turbulent  flows,  our  methods  are  largely 
based  on  the  experience  gained  from  the  modelling  of  two-dimensional  flows,  where  even  here  the  models 
necessarily  include  strong  empirical  inputs.  Time  alone  will  confirm  if  this  procedure  is  adequate.  It 
is  also  worth  reminding  ourselves,  that  although  our  flows  are  time-dependent^,  nevertheless  our  model 
equations  relate  invariably  to  a  time-independent  flow  through  the  Reynolds-averaged  Navier-Stokes 
equations.  These  are  solved  by  the  introduction  of  further  equations  for  some  or  all  of  the  Reynolds 
stresses,  or  by  making  use  of  algebraic  stress  models,  and  including  certain  closure  conditions,  as 
discussed  by  Prof.  Launder.  The  modelling  of  this  time-independent  flow  cannot  resemble  in  any  way  the 
complex  three-dimensional  flow  structures  in  the  actual  flow.  All  our  current  turbulence  models  Involve  a 
modelling  of  the  mean  structure  of  the  turbulent  flow,  which  is  by  definition  the  average  of  a  large 
number  of  independent  realisations  of  the  instantaneous  flow  field.  In  some  of  the  beautiful  flow 
pictures  that  we  have  seen  during  this  symposium,  mainly  obtained  from  the  output  of  the  direct  numerical 
solution  of  the  Navier-Stokes  equations,  we  have  been  able  to  observe  some  of  those  time-dependent 
realisations  that  occur.  It  can  be  inferred  that  the  mean  of  these  realisations  do  not  necessarily  bear 
much  resemblance  to  some  of  the  processes  that  are  active  instantaneously.  (The  Reynolds  stress,  u'v',  is 
only  non-zero  for  a  small  fraction  of  an  event  cycle,  and  yet  it  must  be  modelled  as  a  continuous 
function.)  The  difficulty  therefore  in  turbulence  modelling  is  to  devise  a  model  for  the  mean  turbulent 
structure,  which  when  inserted  Into  the  Reynolds-averaged  Navier-Stokes  equations,  will  give  output 
similar  to  that  obtained  from  averaging  the  large  number  of  independent  realisations  in  the  actual 
flow. 2  a  further  problem  is  that  the  quantitative  empirical  input  to  these  equations,  which  forms  an 
essential  part  of  the  turbulence  model,  comes  from  time-averaged  measurements,  such  as  the 
root-mean-square  values  of  the  turbulent  normal  stress  components  u',  v',  w’,  and  the  tangential  stress 
components  such  as  u’v',  and  again  cannot  reflect  the  event  history  of  the  turbulence.  In  order  to 
improve  turbulence  models  not  only  must  the  underlying  complex  dynamical  turbulent  flow  processes  be  fully 
understood  as  they  occur  instantaneously,  but  also  as  they  relate  to  the  average  flow  conditions. 


1  In  the  actual  flow  the  flow  structures  move  with  the  flow,  whereas  in  the  Eulerian  frame  we  need  to 
specify  the  entire  flow  field  at  one  time.  Hence  our  equations  are  ill-conditioned  in  providing  a 
framework  to  describe  the  dynamic  flow  structure  in  a  turbulent  flow. 

2  The  turbulent  flow  has  therefore  necessarily  to  be  modelled  in  an  over-simplified  form  by  a  few 
descriptors  such  as  two  scalar  quantities,  the  local  kinetic  energy  (k),  and  a  single  length  scale  (1), 
representative  of  the  turbulent  mixing  process.  With  1  and  k  we  can  then  establish  the  order  of  magnitude 
of  other  flow  parameters  involved  in  the  mixing  process,  such  as  the  turbulent  vorticity,  /k/1,  and  the 
turbulent  viscosity,  1/k.  The  strength  of  the  turbulent  mixing  is  given  by  (/kl/Dl^,  which  has  the 

same  magnitude  as  the  turbulent  viscosity,  and  is  one  reason  for  the  use  of  that  quantity  as  a  simple 
descriptor  of  the  turbulent  nixing  process. 
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It  is  only  when  we  have  this  understanding,  and  this  was  also  mentioned  by  Prof.  Young  in  his  introductory 
remarks  to  this  meeting,  that  we  can  exert  a  strong  influence  in  improving  models  of  turbulent  shear 
flows.  Invariably  as  more  flow-field  information  becomes  available,  the  problem  of  converting  this 
information  into  a  flow  model  becomes  more  complicated,  especially  if  attempts  are  made  to  include  some  of 
the  more  prominent  features  of  the  time-dependent  history  in  our  flow  models.  Nevertheless  a  turbulent 
model  which  ignores  totally  the  true  event  structure  that  exists  in  the  actual  turbulent  shear  flow,  must 
surely  be  of  only  strictly  limited  application. 

I  am  reminded  that  Townsend  was  one  of  the  first  to  propose  that  for  most  practical  purposes  there  are 
essentially  two  major  scales  in  most  turbulent  shear  flows,  and  which  must  be  modelled.  One  scale  he 
called  the  large  eddies  and  the  second  scale  the  snnll  eddies.  In  Townsend's  terminology  the  small  eddies 
are  not  the  dissipation  eddies.  He  argued  there  was  a  scale  smaller  than  the  largest  eddies  in  the  flow 
which  contained  much  of  the  turbulent  kinetic  energy.  Whereas  the  large  scales  were  very  anisotropic  and 
a  function  of  the  given  turbulent  shear  flow,  the  small  scales  were  more  isotropic  and  universal  in 
character.  From  that  time  onward  many  models  have  been  built  on  this  concept  that  there  is  a  large  scale 
structure  peculiar  to  the  given  turbulent  flow,  coexisting  with  a  small  scale  structure,  which  is  more 
universal.  It  is  perhaps  somewhat  surprising  that  of  the  various  turbulence  models  that  we  have  to  date 
most  of  these  present  a  more  nearly  universal  character  for  the  turbulence  in  all  its  scales.  But  of 
course  we  know,  and  have  known  for  a  long  time  that  a  near  universal  character  to  the  turbulence  does  not 
exist,  and  models  which  express  that  fact  have  strictly  limited  application  in  the  prediction  of  turbulent 
shear  flows.  However,  as  Prof.  Launder  explained,  although  many  current  turbulence  models  may  appear 
universal  in  character,  some  of  the  adjustable  constants  that  appear  in  these  turbulence  models  reflect, 
perhaps  obliquely,  the  changing  character  of  the  turbulence  in  modelling  each  particular  flow  case.  It  is 
of  importance  to  realise  that  the  major  difference  in  turbulent  structures  from  flow  to  flow  is  in  their 
large-scale  structure.  Since  evidence  exists  that  there  are  substantive  differences  between  predictions 
based  on  current  models  and  experimental  data  both  for  external  and  internal  flows,  this  gap,  we 
anticipate,  is  only  likely  to  be  closed  by  improvements  to  existing  turbulence  models,  and  that  such 
improvements  should  reflect  the  changes  in  the  large  scale  structure  as  the  flow  develops  and  passes  from 
one  zone  to  the  next.  Thus  we  seek  information  on  the  large  eddy  structure  in  each  flow  case  and  routine 
methods  for  its  evaluation.  If,  as  we  now  observe  the  large  scale  structure  Is  organised,  then  it  should 
be  possible  to  represent  it  by  some  form  of  modelled  coherent  motion. 

The  further  challenge  is  how  best  to  use  this  large  eddy  information  in  seeking  improvements  to  the 
quasi-universal  character  of  the  turbulent  flow  models  in  the  form  presented  by  Prof.  Launder.  That  to 
some  extent,  and  Prof.  Launder  I  am  sure  will  be  the  first  to  say,  adds  another  complexity  and  one  we 
would  wish  to  avoid.  If  turbulent  flow  predictions  can  avoid  knowledge  of  tve  large  scale  structure 
implicitly,  then  so  much  the  better.  The  use  of  zonal  methods,  pioneered  by  Kline,  is  a  step  in  this 
direction  and  has  been  shown  to  give  good  results  in  two-dimensional  flow.  Thus  the  problem  today  is  not 
so  much  that  a  knowledge  of  the  large  scale  structure  is  necessary,  but  rather  the  extent  of  the  likely 
improvements  in  the  accuracy  of  predictions  when  such  knowledge  is  incorporated  into  our  turbulence 
model.  To  calculate  the  properties  of  the  large  scale  structure  would  involve  additional  equations  but 
certain  candidate  methods  exist  for  this  at  the  present  time.  At  most  the  addition  of  the  time -dependent 
large  eddy  structure  to  the  time-averaged  flow  would  almost  certainly  transform  the  mean  flow  into  a 
quasl-periodic  time-dependent  flow.  This  is  an  added  complexity,  but  with  modern  computers  would  not  pose 
an  impossible  problem  provided  the  accuracy  of  the  results  were  improved  and  so  justify  the  increased  cost 
and  time  of  computation.  But  as  stated  above  such  an  added  complexity  may  not  be  necessary  for 
predictions  aimed  at  providing  an  accuracy  to  engineering  standards  and  requirements. 

This  symposium  has  been  shown  many  examples  of  these  large  scale  structures  which  have  been  derived  from 
large  eddy  and  direct  numerical  simulations.  It  is  a  revelation  to  see  today  such  detailed  flow  pictures 
formed  from  streak-lines,  and  showing  the  growth  of  components  of  the  vorticity,  as  compared  with  the  best 
of  the  results  from  flow  visualisation  experiments  available  previously.  However,  progress  in  the 
detailed  understanding  of  the  complex  flow  processes  existing  in  turbulent  shear  flows  will  almost 
certainly  come  from  a  combination  of  the  results  from  experiment  and  from  direct  numerical  simulation,  in 
spite  of  the  limits  imposed  by  the  present  generation  of  supercomputers  in  terms  of  the  Reynolds  number 
and  the  class  of  flows.  The  marrying  together  of  the  output  from  the  supercomputer  and  flow  visualisation 
as  obtained  in  experiments,  together  with  their  detailed  comparison,  is  a  major  step  forward  in  the  study 
of  the  dynamical  structure  of  turbulent  flows.  Work  in  progress  will  provide  a  substantial  base  on  which 
to  build  future  research. 

Of  course  the  Information  that  we  have  seen  at  this  symposium  from  the  direct  numerical  solution  of  the 
Navier-Stokes  equations  is  not  only  related  to  turbulent  structure  but  is  also  related  to  the 
amplification  of  linear  and  non-linear  disturbances  and  the  formation  of  highly  three-dimensional 
structures  near  the  onset  of  transition.  We  have  seen  such  examples  in  the  papers  presented  to  the 
symposium  and  the  contributions  they  have  made  to  the  understanding  of  the  many  mechanisms  of  transition 
in  complex  three-dimensional  flows. 

Our  symposium  covering  the  past  four  and  half  days  can  be  regarded  as  having  been  split  into  two 
sections.  There  have  been  7  sessions  devoted  to  theoretical  and  experimental  studies  of  transition  with 
20  papers  on  the  program,  but  only  17  of  these  were  delivered.  Our  hope  is  that  those  authors  not  able  to 
present  their  papers  at  the  meeting  will  make  them  available  for  presentation  in  the  final  proceedings.  I 
hope  1  can  include  these  papers  in  my  technical  evaluation.  The  turbulent  shear  flow  section  was  reduced 
to  5  sessions  of  which  there  were  only  10  papers  and  8  delivered.  I  am  quite  certain  that  throughout  the 
Western  World  today  this  does  not  represent  the  proper  balance  between  research  work  related  to  transition 
and  that  on  turbulent  flow.  It  is  regretted  that  more  authors  from  the  Western  World  were  not  here  to 
present  their  recent  work  on  turbulent  shear  flows  and  thus  enabling  this  symposium  to  be  presented  with  a 
more  balanced  view  of  the  present  state-of-the-art.  Since  one  of  the  major  challenges  to  this  meeting  was 
related  to  the  state-of-the-art  in  turbulence  modelling  and  the  necessary  improvements  required  in 
prediction  techniques  for  design  and  performance  estimation,  it  was  disappointing  to  find  we  had  only  one 
paper,  that  delivered  by  Prof.  Launder.  However,  as  Prof.  Launder  explained  roost  of  his  remarks  and 
experience  were  related  to  the  comparison  of  turbulence  models  with  experimental  results  on  internal 
flows,  and  hence  a  corresponding  paper  dealing  with  external  flows  would  have  provided  a  more  complete 
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picture  on  the  present-day  consensus  on  the  accuracy  of  current  methods.  Its  absence  can  only  be 
regretted.  This  does  not  reduce  the  impact  of  Prof.  Launder's  contribution  since  this  was  a  very  complete 
account  of  turbulence  modelling,  comparisons  with  experiment,  and  recommendations  regarding  application  to 
the  study  of  a  variety  of  flows. 

Let  us  turn  now  to  transition  prediction  in  general  three-dimensional  flows.  A  critical  factor  in  all 
turbulent  shear  flow  prediction  methods  is  the  location  of  transition,  this  is  independent  of  the  accuracy 
of  the  turbulence  model.  This  applies  to  both  internal  and  external  flows.  Many  authors  directed  their 
attention  to  current  procedures  for  predicting  transition.  The  symposium  was  given  a  good  start  with  an 
excellent,  and  wide-ranging  review  by  Professors  Saric  and  Reed  on  the  state-of-the-art  on  the  complex 
flow  mechanisms  leading  to  transition  in  general  three-dimensional  flows.  Prof.  Saric  also  stressed  both 
the  importance  of  experiments,  and  of  linear  stability  even  though  higher  order  theories  are  required  to 
explain  the  later  stages  of  transition  and  the  onset  of  turbulence.  We  missed  Malek's  contribution,  but  I 
hope  that  Malek's  paper  will  be  available  to  us  in  the  published  proceedings. 

The  overall  picture  that.  I  obtained  from  this  section  of  the  symposium  was  how  closely  these  two  major 
aspects  of  the  problem,  namely  transition  and  turbulence  modelling,  are  coupled  together.  Indeed  the 

driving  force  in  this  research  area  is  the  uncovering  of  the  underlying  physics  relating  to  both 

transition  and  the  breakdown  into  fully  turbulent  flow.  A  complete  shear  flow  prediction  method  must 
include  a  transition  prediction  method.  A  number  of  papers  drew  attention  to  this  either  by  proposals  to 
extend  the  en  method,  as  used  in  two-dimensional  flow,  or  by  the  use  of  other  more  complicated 
techniques  which  may  prove  necessary  in  certain  circumstances.  The  attacks,  by  certain  authors,  on  the 
transition  problem  using  direct  numerical  solutions  of  the  Navier-Stokes  equations  were  most  revealing  and 
demand  very  careful  study,  although  it  was  evident,  as  has  been  known  from  long  experience,  that  such 

results  are  heavily  dependent  on  Initial  conditions  and  particularly  in  respect  of  the  upstream 

disturbance  conditions.  The  results  of  Jimenez,  Spalart,  and  Fasel  et  al.  place  no  restriction  on  the 
type  and  amplitude  of  disturbances  and  perform  calculations  of  non-linear  stability  up  to  the  onset  of 
turbulence,  and  generate  results  in  close  accord  with  experiment. 

Various  papers  by  Hardy,  Da  Costa  et  al.,  Spalart,  and  Amal  et  al.,  were  presented  relating  to  transition 
on  sweptwings.  Consideration  was  given  to  the  problems  of  leading-edge  attachment  line  contamination,  and 
crossflow  instability,  including  both  theoretical  and  experimental  contributions.  There  was  fair 
agreement  between  the  various  results,  where  comparisons  were  possible,  and  we  noted  how  certain  criteria 
for  estimating  the  onset  of  instabilities  and  transition  behaved  in  relation  to  measured  date. 
Nevertheless,  there  were  some  anomalous  results,  such  as  those  of  Hardy,  on  the  changes  in  attachment-line 
stability  between  zero  and  high  incidence,  which  require  further  investigation.  Two  papers  were  presented 
on  Gortler  vortex  instabilities,  the  first  by  Leoutsakos  et  al.  was  concerned  with  their  development  on 
the  concave  surface  of  a  curved  channel,  whilst  the  second  by  Kalburgi  et  al.  was  a  study  of  their  growth 
on  the  wing  concave  undersurface  in  support  of  the  NASA  Langley  program  on  advanced  supercritical  laminar 
flow  control.  Solutions  of  the  Navier-Stokes  were  presented  by  Konzelmann  et  al.  on  the  effects  of 
longitudinal  vortices  on  transition  on  a  flat  plate  in  agreement  with  experiment,  whilst  Jiminez  et  al.  in 
considering  transition  in  channel  flow,  showed  that  the  three-dimensional  vortical  structures  present  near 
the  wall  bear  some  similarity  with  related  structures  in  turbulent  flow.  An  important  aspect  of  the 
transition  problem,  and  on  which  I  will  comment  later,  is  that  relating  to  the  reduction  of  drag,  and  in 
particular  to  methods  associated  with  a  delay  in  transition  through  laminar  flow  control. 

Professor  Lowson  discussed  detailed  flow  visualisation  experiments  he  had  performed  showing  instabilities 
of  the  leading-edge  rolled-up  vortex  sheet  of  a  delta  wing.  Although  these  exp  riments  were  performed  at 
low  Reynolds  numbers,  there  appeared  to  be  support  for  his  conjecture  that  they  were  applicable  to  higher 
Reynolds  numbers,  even  though  this  will  need  further  investigation.  A  new  experimental  technique  was 
described  by  Stack,  of  Langley  Research  Center,  concerning  multi-array  heated  elements  fixed  to  the 
surface  of  a  wing.  He  showed  that  with  these  heated  elements  transition,  laminar  separation  and 
reattachment  could  easily  be  detected  simultaneously.  It  seemed  to  be  a  relatively  simple  method  and 
obviously  many  workers  will  want  to  investigate  its  use  in  future  research. 

A  series  of  papers  were  presented  on  the  DFVLR  theoretical  and  experimental  program  in  support  of  laminar 
flow  wings  for  transport  aircraft.  The  experimental  study  by  Muller  et  al.  included  the  development  of 
stationary  vortices  and  travelling  waves  in  the  three-dimensional  boundary  layers  on  a  45°  sweptwing, 
and  comparisons  were  made  with  theoretical  studies  by  Fischer  et  al.  and  Meyer  et  al.  on  both  primary  and 
secondary  stability  including  both  linear  and  non-linear  analysis.  In  general  the  theoretical  work  was  in 
agreement  with  the  experimental  data.  Prof.  Cebeci  discussed  transition  prediction  methods  for  certain 
three-dimensional  flows  based  on  linear  stability  and  employed  an  extension  of  the  en  method,  as  used  in 
two-dimensional  flows.  In  these  cases  he  found  good  agreement  with  the  experimental  results  reported 
earlier  by  Arnal  et  al.  There  was  not  universal  accord  at  the  symposium  that  such  a  simple  approach  was 
valid  in  general,  although  it  was  suggested  that  the  en  method  might  have  more  general  application 
provided  the  n-criterion  was  modified  empirically.  This  section  was  completed  with  the  presentation  of 
two  papers  dealing  with  transition  in  internal  flows,  one  by  Dr.  Gerard  concerning  oscillatory  separated 
flow  in  a  tapered  tube,  and  the  second  by  Prof.  Ha-Minh  on  the  direct  numerical  solution  of  the 
time-dependent  Navier-Stokes  equations  for  unsteady  flows  in  cavities  and  buoyant  flows. 

The  final  section  of  the  symposium  was  mainly  concerned  with  fully  turbulent  flow.  As  stated  above,  apart 
fro*  the  Invited  paper  by  Prof.  Launder,  there  were  no  other  papers  comparing  predictions,  using  various 
turbulence  models,  and  good  independently  evaluated  experimental  data.  Therefore  one  of  the  governing 
challenges  set  before  this  symposium,  that  relating  to  recent  progress  in  improvements  in  turbulence 
modelling,  was  only  partially  addressed.  Prof.  Bogdonoff  discussed  the  flow  structure  of  a  highly  swept 
shock  wave  intersecting  with  a  boundary  layer  in  the  junction  between  a  wing  and  a  bony.  Whereas  earlier 
results  had  shown  strong  separations  and  reattachments,  Prof.  Bogdonoff,  in  this  presentation,  showed  that 
the  flow  appeared  to  be  attached,  even  though  the  flow  was  highly  three-dimensional  and  distorted  in 
passing  through  the  entire  shock  wave  boundary  layer  interaction.  He  also  noted  the  whole  flow  was 
unsteady  and  this  aspect  alone  would  need  further  Investigation.  Dr.  Coustleux  discussed  methods  by  which 
the  structure  of  shear  flow  turbulence  could  be  modified  through  the  introduction  of  certain  controls  and 
thereby  to  reduce  drag.  These  Included  rlblets,  LEBU's,  etc.,  and  showed  that  such  devices  can  make 
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significant  reductions  in  drag,  and  that  they  appear  to  have  a  wide  range  of  application  and  not  only  in 
two-dimensional  flows.  Dr.  Coustieux  also  discussed  work  on  laminar  flow  and  the  importance  of  certain 
flow  parameters  in  connection  with  laminar  flow  control.  Dr.  Hirschel  discussed  the  application  of 
riblets  in  a  full-scale  experiment  on  a  Lufthansa  A300  aircraft,  to  investigate  how  riblets  perform  in 
airline  service  when  exposed  to  environmental  contamination,  and  to  problems  of  cleaning  and  maintenance 
etc.  We  look  forward  with  interest  to  results  from  this  study.  The  remaining  papers  respectively  by 
Kibens  et  al.  and  Lesieur  et  al.  considered  the  three-dimensional  vortex  development  in  jets  and  mixing 
regions  under  external  excitation,  and  the  structure  of  both  temporal  and  spatially  developing  turbulent 
mixing  regions  as  obtained  by  large  eddy  simulation  methods.  In  addition  Dang  presented  results  for 
turbulent  channel  flow  based  on  direct  numerical  simulation  of  the  time-dependent  Navier-Stokes  equations, 
and  compared  these  with  the  results  obtained  by  Kim  and  Moin  and  others  at  Stanford  and  NASA  Ames  Research 
Center.  The  results  were  mainly  in  good  agreement  and  agreed  with  experimental  data. 

My  final  comment  relates  to  what  was  said  originally  in  the  run-up  and  in  the  aftermath  of  the  Stanford 
Meeting  on  Complex  Turbulent  Flows.  To  improve  turbulence  modelling  one  must  subject  the  computations  to 
comparison  with  good  independently  evaluated  experimental  data.  It  is  of  little  use  to  pick  an  arbitrary 
set  of  experimental  data,  making  a  comparison  and  saying  whether  it  is  good  or  bad.  The  experimental  data 
must  be  looked  at  very  carefully  in  respect  of  their  consistency  and  accuracy.  Indeed  the  comparative 
experimental  data  needs  to  be  carefully  selected  from  classes  of  flows  which  include  those  mean  flow 
characteristics  imposing  rates  of  strain,  flow  curvature  and  three-dimensionality  etc,  on  the  turbulence 
model  used.  It  is  only  by  such  procedures  that  any  inadequacy  in  the  turbulence  model  used  can  be  tracked 
down,  and  methods  to  improve  it  can  then  be  introduced.  If  the  experimental  data  does  not  exist  then  the 

first  step  is  to  obtain  such  data.  That  is  the  case  of  three-dimensional  external  flows,  which  form  a  key 

role  in  this  symposium.  Van  den  Berg  reported  that  although  there  have  been  in  the  past  many  experimental 

studies  on  three-dimensional  flows,  none  of  these  have  been  accepted  as  good  candidates  to  test  turbulent 

models,  especially  as  applied  to  predictions  on  current  typical  sweptwing-body  combinations.  Hence  it  was 
felt  necessary  to  set  up  a  collaborative  European  program  based  on  a  specially  designed  sweptwing,  where 
the  entire  flow  field  was  to  be  carefully  explored  using  a  large  number  of  standard  techniques,  with  two 
wings  tested  in  different  wing  tunnels  and  at  different  Reynolds  Numbers.  This  should  provide  a 
sufficient  experimental  data  bank  from  which  can  be  made  a  very  careful  and  detailed  definitive  comparison 
with  computations  using  various  turbulence  models  in  various  schemes  for  estimating  the  flow  field.  Van 
den  Berg  reported  that  results  were  not  expected  before  1991.  This  data  set  will  be  of  immense  value  in 
helping  to  clarify  which  turbulence  models,  and  possible  improvements  to  them,  are  relevant  for  the 
accurate  prediction  of  three-dimensional  external  flows.  Perhaps  it  is  only  then  that  we  will  be  able  to 
fulfill  some  of  the  expectations  in  respect  of  turbulence  modelling  that  I  am  sure  Prof.  Young  had 
anticipated  should  have  been  an  outcome  from  this  meeting. 

In  conclusion  may  I  say  that  although  all  the  objectives  of  the  meeting  were  not  met,  the  review  of  the 
progress  made  in  gaining  a  more  complete  understanding  of  the  complex  flow  structure  in  turbulent  and 
transitional  three-dimensional  flows  has  been  substantial,  and  the  many  and  varied  contributions  from  all 
the  authors  form  a  significant  base  for  further  research  in  this  subject  area.  I  have  learnt  much  from 
this  meeting,  the  lecture  sessions  and  the  discussions  and  thank  you  again  for  inviting  me. 

Prof.  Re shot ko 

I  may  not  be  commenting  exactly  on  what  Prof.  Young  has  asked  of  me  but  let  me  try  to  summarize  some  of  my 
own  reactions  to  this  conference.  First  of  all  I  want  to  say  that  the  presentations  were  almost  uniform 
in  considering  the  time -dependent  components  of  flows.  It  was  recognized  that  just  about  every  flow  under 
consideration,  whether  it  had  to  do  with  stability,  or  transition  or  turbulent  flow,  that  these  processes 
were  all  time-dependent.  In  fact,  near  the  end  when  we  saw  the  Navier  Stokes  computation,  the  full 
simulation  or  the  large  eddy  simulations,  we  were  certainly  made  aware  of  the  full  time  dependence. 

Generally  we  have  time-dependent  inputs,  be  they  spectra,  free  stream  disturbances  or  other  disturbances 
to  which  a  flow  is  subject.  In  a  laminar  flow  we  consider  the  stability  of  the  laminar  flow  to  such  a 
time-dependent  input.  So  we  have  stability.  The  result  of  an  instability  is  into  a  more  complicated 
structure,  let  us  say  a  non-linear  stability,  this  might  be  linear  to  non-linear  stability  results,  such 
as  those  shown  computationally  by  papers  such  as  those  of  Dr.  Kleiser  lead  into  phenomena  that  we 
recognize  as  part  of  the  time-dependent  turbulent  flows.  So  here  we  have  a  flow  path  involving 
time-dependent  considerations  including  the  time-dependent  input.  When  it  comes  to  transition  prediction, 
we  are  aware  of  some  time  dependence,  but  we  really  start  a  calculation  that  is  independent  of  the 
particulars  of  a  disturbance  spectrum.  This  alternative  path  we  call  the  e11  prediction.  The  en 
methods  are  independent  of  the  specifics  of  a  disturbance  environment.  How  can  that  be,  why  do  they 
work?  Perhaps  it  is  somewhat  akin  to  the  fact  that  we  do  aerodynamic  calculations  for  a  standard 
atmosphere.  Is  there  ever  a  standard  atmosphere  up  there?  Usually  not,  but  we  do  our  aerodynamic 
computations  based  on  some  average  environment  that  seems  to  be  reasonable  for  prediction  of  performance, 
aerodynamics  and  the  like.  Similarly  the  en  prediction  techniques  cannot  be  perfect  because  they  assume 
in  effect  a  standard  disturbance  environment.  The  standard  disturbance  environment  is  the  one  that  gives 
you  the  standard  result,  namely  one  that  agrees  with  a  large  number  of  experiments  not  necessarily  all  of 
them.  In  going  to  en  predictions  we  go  away  from  the  detailed  time  dependencies  that  we  have  been 
emphasizing  in  this  meeting.  Similarly,  when  we  go  to  Reynolds  averaged  Navier  Stokes  modelling,  we  leave 
out  the  details  of  the  specific  time  dependencies  in  a  given  problem.  I  think  that  we  are  aware  from  the 
results  presented  at  this  meeting  that  the  time  dependencies  of  flows,  at  least  the  low  frequency 
component  or  the  large  eddy  component  in  a  shock  boundary-layer  interaction  can  be  different  than  the  low 
frequency  components  in  other  types  of  flow  fields.  Yet  our  turbulence  modelling  does  not  account  for  the 
differences  in  the  major  time -dependent  components  of  these  different  turbulent  flows.  We  are  in  a 
phenomenon  sort  of  where  the  Reynolds  averaged  Navier  Stokes  modellers,  the  turbulence  modellers,  are 
trying  to  develop  models  that  .ire  sufficiently  general  to  include  not  only  the  subgrid  simulation  which 
tends  to  be  universal  but  also  the  large  scale  turbulent  motions  which  are  perhaps  not  as  universal  and 
very  much  dependent  on  the  flows.  We  seem  to  perhaps  be  heading  towards  a  meeting  ground.  The  meeting 
ground  is  to  consider  features  of  both  of  these,  namely  in  the  large  eddy  simulation  techniques.  The 
large  eddy  simulation  techniques  perhaps  combine  the  best  of  both  in  that  they  keep  the  smaller  scales  of 
the  Reynolds  averaging  as  averaged  portions  because  these  smaller  scales  tend  to  have  a  more  universal 
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behavior  and  yet  they  also  take  cognisance  of  what  is  happening  to  the  lower  frequencies  or  larger  scales 
that  are  dependent  on  the  particulars  of  a  flow.  Perhaps  with  time  what  will  happen  is  that  (I  am  not 
saying  what  the  time  scale  is)  more  and  more  we  are  tending  to  follow  the  upper  path  and  getting  somewhat 
away  from  the  lower  path,  at  least  in  forums  like  this.  I  am  sure  that  in  our  engineering  forums  where 
prediction  of  transition,  prediction  of  skin  friction,  heat  transfer  and  the  like,  I  am  sure  that  the 
lower  path  will  be  followed.  For  those  of  us  that  are  interested  in  a  better  understanding  of  the  fluid 
mechanics,  i  ..articular  a  better  understanding  of  the  features  of  a  flow  field  rather  than  the  properties 
of  a  flow  on  a  boundary,  that  we  will  be  tending  more  and  more  to  follow  the  upper  path,  more  and  more 
emphasizing  the  simulation  through  either  full  time  dependent  simulation  or  large  eddy  simulation.  That 
is  appropriate  because  more  and  more  we  are  realizing  that  there  are  unsteady  features  both  in  transition 
and  in  turbulent  flows  that  are  configuration  dependent  and  not  as  general  as  we  might  have  believed  at 
one  time. 

Prof.  Young 

Thank  you  very  much  Eli.  Does  anybody  wish  to  comment  on  what  has  just  been  said  or  add  anything  to  it? 
Prof.  Roshko 

I  think,  Eli,  I  would  go  even  one  step  further  in  your  assertion  that  these  large  structures  may  be 
configuration  dependent  to  the  extent  that  not  only  different  shear  flows,  but  a  given  shear  flow  may  be 
affected  by  its  unsteady  environment,  turbulent  noise,  and  that  is  completely  left  out  of  any  turbulence 
modelling  obviously.  I  think  that  is  dramatically  illustrated  by  experiments  like  those  of  Wygnanski  and 
Oster,  where  by  adding  pure  tone  to  the  ambient  spectrum,  you  completely  change  the  shear  layer.  I  think 
it  is  a  very  serious  problem  for  the  future  of  modelling  or  for  the  consideration  of  the  modellers.  I  am 
not  sure  that  you  were  thinking  like  that.  You  emphasized  that  in  connection  with  the  transition,  but  I 
believe  it  is  still  there  even  in  the  fully  developed  free-turbulent  shear  flow.  It  doesn't  seem  to  be 
the  same  kind  of  problem  for  boundary  layers  or  wall  layers. 

Prof.  De  Ponte 

I  have  a  comment  about  what  was  said  by  Mr.  Reshotko.  He  said  that  there  is  something  which  is  geometry 
dependent.  Many  times  we  see  some  model  coming  from  potential  flow  fieid  which  predicts  some  of  the  large 
pictures  of  vortical  flows.  For  example,  I  am  referring  to  small  calculation  of  Mook  about  some  vortex 
wake  and  vorticity  concentration  and  so  on.  I  want  to  remark  that  probably  it  should  be  more  investigated 
the  problem  of  simulating  not  with  complete  Navier  Stokes  equations,  but  simply  adding  something  to  the 
external  flow  in  some  simplified  model  and  then  to  see  what  happens  to  the  flow.  Probably  it  will  give 
some  shortest  method  of  calculation  with  much  more  practical  interest. 

Prof.  Reshotko 

First  let  me  reply  to  Anatol  briefly.  I  agree  with  you.  There  are  many  flow  fields  where  non-linearity 
sets  in  very  quickly  and  the  basic  flow  is  changed  by  the  environment  in  the  way  that  you  mentioned.  That 
is  perfectly  clear.  It  is  a  difficult  problem  that  linear  stability  theory  does  not  deal  with  that,  but 
yet  it  is  a  very  important  consideration.  Prof.  Deponte’s  remark  had  to  do  with  vortex  modelling  of 
complicated  flow  fields.  This  was  in  fact  the  subject  of  a  Round  Table  Discussion  in  Aix  en  Provence  at 
our  meetings  about  three  years  ago,  and  while  there  were  many  interesting  features  presented  in  the  vortex 
modelling,  one  of  our  problems  with  that  was  how  to  extend  it  to  the  compressible  flows,  the  supersonic 
and  the  hypersonic  flows  as  well  as  to  incorporate  processes  of  disturbance  generation,  of  turbulence 
generation  and  Che  like  that  are  a  feature  of  the  very  flows  that  we  have  been  discussing  at  this 
meeting.  The  vortex  modelling  is  helpful  for  some  physical  understanding,  but  is  not  readily  extended 
into  the  flow  fields  of  special  interest  at  this  meeting. 

Mr.  Mangalan,  Nasa  Iangley 

Most  of  the  experiments  I  am  aware  of  involve  point  measurements  using  hot-wire  anemometry  or  laser 
velocimetry.  What  I  think  is  necessary  to  get  spatial  and  temporal  correlations,  is  to  make  field 
measurements.  One  way  to  achieve  this  will  be  to  make  simultaneous  dynamic  surface  shear  stress 
measurements  using  multi-element  sensors  in  addition  to  hot-wire  measurements  in  the  boundary  layer.  Such 
an  approach  is  likely  to  lead  to  better  understanding  of  boundary-layer  stability  and  transition 
mechanisms. 

Prof.  Young 

Perhaps  we  should  pass  on  to  our  next  speaker.  I  have  asked  Prof.  Cousteix  to  say  what  he  sees  as  our 
future  needs  by  way  of  research  and  the  problems  in  the  control  of  boundary  layers,  particularly  turbulent 
boundary  layers. 

M.  Cousteix 

I  don't  have  too  many  new  things  to  say,  I  just  have  a  few  comments  regarding  problems  about  drag 
reduction.  First  the  means  to  be  envisaged  in  order  to  reduce  the  friction  drag.  As  regards  the  friction 
drag  there  are  a  lot  of  solutions  that  can  be  envisaged.  First  the  most  interesting  solution  is  how  to 
control  laminar  flows.  There  are  several  ways  to  do  so.  We  saw  it,  for  example,  we  can  act  on  the  shape 
of  the  wing  profile  so  that  we  will  have  pressure  gradients  which  will  be  adapted  which  would  lead  to  a 
laminar  flow  on  an  optimum  path  but  also  we  can  act  in  a  more  indirect  way  having  suction  on  the  wall  and 
also  and  this  can  be  very  interesting,  you  can  try  to  have  re-laminarization  flows  once  they  are  turbulent 
at  the  leading  edge,  for  example,  this  is  a  solution  which  is  really  worth  examining.  Later  on  when  the 
flow  is  completely  turbulent  we  saw  that  it  was  possible  to  act  on  the  turbulent  structure  either  by 
acting  on  the  generating  process  through  external  manipulators  or  having  an  action  near  the  wall  through 
riblets  for  example.  All  these  are  means  that  can  be  envisaged  to  be  mounted  on  aircraft.  We  can  have 
also  the  tangential  injection  issues  or  also  a  wall  curvature.  These  first  processes  aimed  at  friction 
drag  reduction.  The  Important  part  of  an  aircraft  drag  will  have  other  sources.  For  example,  we  have  the 
separation  issues  specifically  on  the  aft-bodies  and  we  may  try  to  control  such  separation  phenomena. 

Also  during  the  landing  or  the  take-off  phases,  you  can  imagine  to  implement  some  procedures  or  processes 
so  that  we  can  control  the  boundary  layer  during  those  phases  or  it  may  be  during  the  cruising  phases. 
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Another  way  by  another  source  of  drag  which  is  quite  important  which  is  called  induced  drag  and  this  is 
reflected  in  the  wing  tip  vortices  and  here  we  have  some  means  also  like  mills  tip  fences,  winglets  also 
that  can  be  used,  such  devices  will  allow  us  to  have  lower  drag.  Everything  which  aims  at  controlling 
vortices  and  vortices  are  also  an  important  source  of  drag,  all  these  are  quite  interesting.  There  is 
something  else  also,  that  would  be  to  try  to  remove  all  the  rough  elements  that  you  have  on  the  aircraft, 
because  if  our  surfaces  were  really  smooth,  we  would  certainly  progress  quite  a  lot.  What  is  needed  then 
in  order  to  reach  these  goals?  The  first  thing  is  to  understand  the  transition  phase  better,  and  we  have 
also  to  know  better  more  about  the  organization  of  turbulence.  One  of  the  spinoffs  from  such  studies 
would  be  the  riblet  examples  or  the  external  manipulators.  All  these  mechanisms  or  devices  were  used 
because  we  came  to  know  better  turbulences.  The  idea  is  to  have  an  action  on  the  streaks  in  the  vicinity 
of  the  wall.  As  long  as  we  didn't  know  how  turbulence  was  organized  around  the  wall  we  couldn't  do 
anything.  So  this  is  one  of  the  most  characteristic  examples  for  benefiting  from  spinoffs. 

Another  point,  the  second  point  which  is  quite  important  for  people  working  in  the  application  field,  we 
should  have  numerical  tools  or  methods  so  that  we  can  optimize  the  processes  that  we  want  to  use  in  order 
to  reduce  drag.  We  have  to  optimize  the  shapes  of  the  riblets  for  example.  If  we  had  a  practical 
numerical  method  to  do  that  then  that  would  be  a  very  good  thing  if  we  can  come  up  with  the  best  possible 
shape.  It  is  not  available  to  everyone  to  carry  on  very  long  term  studies  over  many  years  in  order  to 
come  up  with  the  optimal  sliape  of  riblets.  Our  American  friends  can  do  it,  but  we  cannot  for  example  so 
if  we  had  a  good  fast  numerical  method  and  with  a  good  measure  of  correctness  in  order  to  calculate  the 
values  around  the  walls  and  near  the  walls,  then  it  would  be  much  faster  and  the  shapes  of  the  riblets 
would  probably  be  much  more  attractive  than  what  we  have  nowadays.  We  have  also  to  try  to  find 
technological  solutions,  this  goes  without  saying,  but  the  set,  the  whole  set  that  you  have  here,  three 
elements  this  is  a  kind  of  closed  look,  because  as  long  as  you  don't  have  the  technological  solutions 
available  then  you  have  to  stop  studying  the  possible  solutions,  for  example,  for  suction  that  is  how  to 
control  the  laminar  pattern  with  wall  suction.  This  has  been  a  long  standing  idea,  we  know.  But  this  was 
updated,  so  to  speak,  or  trendy  again,  because  of  the  finding  of  new  technological  solutions,  so  you  see 
that  this  will  lead  us  to  new  fundamental  studies  and  we  will  find  probably  new  transition  criteria.  All 
this  is  kind  of  closed-loop;  they  interact  together. 

Dr.  Klbens 

In  connection  with  this  subject,  I  think  that  once  that  we  extend  the  full  time-dependent  turbulent  flow 
simulations  to  run  in  real  time  along  with  an  experiment,  then  the  possibility  will  arise  of  simplifying 
the  simulations  to  the  point  that  we  can  extract  the  important  features  of  a  flow  to  be  controlled.  I 
think  the  computations  and  the  experiments  may  well  converge  into  a  design  application  that  will  include 
the  computational  insight  as  a  part  of  a  formal  control  loop  applied  on  an  actual  aircraft.  That  kind  of 
goal  may  well  unify  into  an  operational  set  the  concepts  that  we  presently  study  independently. 

Prof.  Young 

Do  you  see  the  use  of  active  control  by  suction  or  by  other  means,  have  you  any  particular  practical 
picture  of  how  the  control  would  operate? 

Dr.  Kibens,  McDonnell  Douglas 

I  am  thinking  here  more  in  terms  of  what  I  am  familiar  with,  namely,  the  application  of  these  concepts  to 
noise  control,  or  sonic  fatigue  control,  or  perhaps  the  effects  that  we  observe  in  the  exhausts  from 
propulsion  systems  when  we  have  multiple  plumes  interacting.  There  are  some  coupling  effects  which 
involve  turbulent  shear  layer  mechanisms,  whose  control  perhaps  does  not  require  anywhere  near  our  full 
spectrum  of  understanding;  nonetheless,  perhaps  we  can  extract  some  significant  controllable  features  from 
the  computations  that  would  then  enable  us  to  apply  them  in  real  time  on  an  aircraft  by  sensing  these 
particular  important  problems  and  controlling  them  in  an  operational  sense. 

Prof .  Young 

Dr.  Khalid,  do  you  want  to  comment? 

Dr.  Khalld 

Yes,  my  comment  actually  concerns  the  earlier  remarks  on  the  drag  reduction  techniques.  One  area  of  drag 
reduction  which  needs  a  little  more  emphasis,  I  think,  is  the  concept  of  Natural  Laminar  Flow.  We  do  now 
have  the  computer  codes  for  designing  NLF  airfoils,  and  the  manufacturing  capabilities  to  produce  ideally 
smooth  aerodynamic  surfaces  which  can  give  us  the  extended  regions  of  laminar  flow.  This  is  another  area 
which  should  be  re-explored. 

Mr.  Elsenaar,  NLR 

One  more  question  about  the  realization  of  laminar  flow.  This  meeting  leaves  me  a  little  bit  in  the  dark 
in  that  respect.  We  have  seen  examples  like  Mullers  swept  plate  where  there  are  vortices  that  are  not 
brought  into  the  boundary  layer  per  se ,  but  are  just  there  because  of  roughness  effects  or  because  of 
certain  imperfections  in  the  flow  or  on  the  model  surface.  They  might  get  amplified  to  transition.  You 
have  heard  from  Professor  Saric  in  the  beginning  that  three-dimensional  transition  might  be  an  ill-posed 
problem.  Is  it  possible  at  all  on  theoretical  grounds  to  prove  that  natural  laminar  flow  is  feasible?  We 
know  it  from  practical  considerations,  but  is  it  possible  to  prove  it  at  present  from  theoretical 
grounds?  There  are  so  many  variables  that  you  have  to  take  into  account. 

Prof.  Reshotko 

You  have  noted  that  laminar  flow  on  shaped  airfoils  has  been  achieved  to  Reynolds  numbers  that  are  larger 

than  one  might  expect.  I  think  that  this  is  simply  the  result  of  good  practice  with  respect  to  the 

features  of  instability  and  transition  that  we  understand.  The  basic  instabilities  that  might  give  rise 
to  transition  are  certain  characters,  and  if  we  can  avoid  that  then  we  can  have  more  extensive  laminar 

flow,  and  this  has  been  demonstrated  time  and  again  in  various  transition  controls.  What  is  called 

natural  laminar  flow  really  results  from  trying  to  have  as  much  favorable  pressure  gradient  near  the 
leading  portions  of  an  airfoil  before  one  gets  into  separation  or  before  one  gets  to  the  pressure 
minimum.  If  you  at  the  same  time  minimize  sweep  so  that  you  avoid  cross  flow  instabilities  and  avoid 
leading  edge  contamination  then  you  can  achieve  fairly  large  runs  of  laminar  flow  before  undergoing 
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transition.  There  have  been  other  instances  with  other  forms  of  control  of  transition  on  bodies  of 
revolution  where  laminar  flows  have  been  achieved  to  extremely  high  Reynolds  numbers,  we  are  even  aware  of 
swept  wing  controls  due  to  suction  where  Reynolds  numbers  in  the  order  of  20  million  or  higher  have  been 
achieved  as  part  of  the  X21  program.  So,  yes,  these  things  are  achievable  and  that  the  instabilities  and 
secondary  instabilities  that  have  been  brought  forward  are  controllable.  There  are  results  that  say  if 
the  primary  instabilities  are  kept  stable  then  the  secondary  instabilities  won't  grow  as  much.  They  are 
best  stabilized  by  keeping  primary  instabilities  stable.  I  don't  think  that  the  picture  is  as  pessimestic 
as  you  bring  out  because  there  are  elements  of  the  accomplishment  that  we  do  understand  and  we  can  achieve 
delayed  transition. 

Prof.  Gersten 

I  would  like  to  ask  the  experts  here  why  vertical  blowing  on  turbulent  flows  is  not  so  popular  in  reducing 
friction  drag.  One  knows  from  diffusers,  for  example,  that  they  are  optimal  if  the  wall  shear  stress  is 
almost  zero  all  along  the  contour.  I  wonder  whether  Prof.  Launder  could  comment  on  the  state  of  the  art 
of  turbulence  modelling  for  turbulent  flows  with  blowing.  Why  is  it  not  a  feasible  concept  to  keep  the 
skin  friction  as  low  as  possible  by  blowing? 

Prof.  Launder 

Mr.  Chairman,  that  is  not  my  area  at  all.  I  wonder  whether  the  fact  that  the  reduction  of  skin  friction 
by  blowing  is  not  used  (since  clearly  it  will  reduce  skin  friction)  is  that  by  dumping  zero  momentum  fluid 
into  the  stream  you  are  effectively  increasing  the  losses. 

Prof.  Young 

I  believe  that  there  are  two  effects.  One  is  the  one  you  just  described  and  the  other  is  that  you  bring 
the  boundary  layer  that  much  nearer  separation.  If  you  are  going  to  strain  your  boundary  layers’ 
resources  by  an  adverse  pressure  gradient,  particularly  towards  the  rear  of  a  wing,  you  do  not  want  it  in 
a  weak  state  at  an  early  stage  in  its  development.  So  I  think  there  are  two  practical  aspects  which 
generally  deter  people  from  thinking  of  blowing. 

Mr.  Van  den  Berg 

By  injecting  air  you  increase  the  displacement  thickness  and  what  you  get  is  a  higher  pressure  drag,  which 
will  offset  the  lower  skin  friction  drag. 

Prof.  Young 

It  is  time  for  me  to  ask  Prof.  Launder  to  deal  with  the  final  subject  of  this  Round  Table  Discussion. 

That  is  turbulence  modelling  and  the  future  problems  involved. 

Prof.  Launder 

Well,  you  have  had  a  pretty  long  session  from  me  already,  so  I  will  keep  these  final  remarks  as  brief  as  I 
can.  When  considering  developments  in  turbulence  modelling,  it  seems  to  me  we  should  be  Chinking  of  three 
activities:  applications  of  existing  models  to  new  flows  and  phenomena;  refinements  to  schemes  of  the 
type  we  currently  understand;  and  the  evolution  of  models  of  a  more  radically  different  type.  The  first 
of  these  might  easily  get  overlooked,  so  I  should  like  to  start  with  a  few  remarks  on  this  topic. 

Clearly,  applications  of  existing  models  are  taking  place  all  the  time  and  I  would  like  to  underline  how 
valuable  the  feedback  is  in  advancing  understanding.  The  second-moment  closures  that  I  focused  on  in  my 
talk  this  morning  were  evolved  at  more  or  less  the  same  time  as  the  k-  eddy-viscosity  model  -  just  a  year 
or  so  after.  In  the  simple  thin  shear  flows  considered  at  the  time  (I  am  talking  about  the  early  1970's) 
there  was  very  little  difference  between  the  success  achieved  in  predictions  with  an  eddy-viscosity  model 
over  those  obtained  from  using  a  Reynolds  stress  transport  scheme.  The  weaknesses  present  with  the 
eddy-viscosity  scheme  were  largely  still  present  at  second-moment  level.  However,  over  the  last  15  years, 
by  gradually  extending  applications  to  types  of  flows  very  different  from  those  on  which  the  original 
constants  were  assigned,  one  does  see  clearly  emerging  the  superiority  of  the  higher-order  closure.  That 
work  has  thus  helped  us  discriminate  between  one  option  for  modelling  and  another. 

At  this  point  perhaps  I  could  pick  up  on  comments  made  by  Eli  Reshotko  and  Anatol  Roshko  earlier  relating 
to  indications  from  large-scale  structures  in  turbulent  flow.  I  do  not  believe  that  one  will  necessarily 
fail  to  predict  a  particular  type  of  flow  with  a  given  model  just  because  its  large-scale  structure  is 
different  from  that  of  another  flow  which  has  been  successfully  tackled.  Particularly  in  flows  with  large 
force-field  effects,  one  can  find  a  great  variety  of  large-scale  structures;  yet  we  find  the  single, 
simple  second-moment  closure  presented  this  morning  fairly  well  predicts  the  averaged  mean  and  turbulence 
properties  of  such  flows.  I  do,  however,  agree  implicitly  with  what  Anatol  was  saying  that  there  are 
things  which  are  sensible  to  tackle  with  a  second-moment  turbulence  model  and  some  things  which  are  not. 
There  are  clearly  turbulent  flows  in  which  sound  fields  or  other  effects  can  play  on  particular  harmonics 
and  structures;  these  simply  need  to  be  recognized  as  unpredictable,  avoided,  and  tackled  by  other 
procedures.  Recognizing  what  is  and  is  not  a  predictable  flow,  of  course,  is  not  always  easy,  and  one  may 
make  mistakes  in  the  process. 

Let  me  now  mention  what  I  see  as  the  most  urgent  refinement  to  existing  models.  The  equation  from  which 
we  obtain  the  energy  dissipation  rate  is  the  Achilles  heel  of  current  second-moment  closures.  Despite 
developments  mentioned  in  my  talk,  there  is  quite  a  bit  of  room  for  improving  that  equation.  For  example, 
it  is  well  known  that  in  cases  where  the  wall  shear  stress  falls  virtually  to  zero,  due  to  blowing  or 
other  means,  one  tends  to  calculate  too  large  length  scales  near  the  wall.  The  other  regime  where 
modelling  refinement  is  especially  needed  is  in  the  near-wall  sublayer.  (I  am  thinking  here  not  just  of 
flows  parallel  to  the  wall  but  also  cases  where  there  is  impingement).  As  an  example,  a  weakness  in  most 
current  near-wall  models  is  that  they  do  not  predict  the  maximum  dissipation  rate  to  occur  at  the  wall. 

We  8 aw  this  feature  in  the  results  from  Mr.  Dang  this  morning  and  also  in  the  earlier  simulations  from 
Stanford;  but  it  is  not  one  that  is  captured  by  any  of  the  low-Reynolds-number  schemes  that  I  know  of. 

This  brings  me  to  another  point:  that,  increasingly,  advances  in  modelling  are  relying  on  full  computer 
simulations  of  turbulence.  There  are  two  particular  areas  where  I  think  full  simulation  could  be 
especially  helpful:  one  is  for  an  examination  of  the  sublayer  structure  under  a  stagnation  flow  condition 
(which,  in  a  sense,  is  the  opposite  of  the  channel-flow  cases  which  have  been  the  subject  of  studies  so 
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far),  the  second  is  in  resolving  the  problem  of  why  hlgh-Mach-number  shear  layers  spread  much  more  slowly 
than  an  incompressible  shear  layer.  I  think  a  full  simulation  of  a  homogeneous  supersonic  shear  flow 
(which  I  understand  is  about  to  be  undertaken  at  NASA)  would  be  an  immensely  valuable  undertaking. 

In  considering  finally  new  types  of  models,  it  would  be  foolhardy  to  pretend  that  I  can  provide  answers. 
So,  1  will  just  pose  a  few  questions  and  make  a  comment  or  two  on  them.  The  overall  question  for  me  is 
"What  is  the  next  level  of  development  from  what  the  French  would  call  classical  second-moment  closure 
that  will  be  useful  in  an  engineering  context?"  I  have  never  really  understood  what  'classical'  is,  but  I 
know  that  the  French  use  it  all  the  time.  Should  it  be  third-moment  closure?  Certainly  some  pioneering 
work  at  this  level  was  undertaken  in  the  mid-1970's  by  Andre’s  group  in  meteorology.  I  can't  really 
believe,  however,  that  elaborating  the  model  in  that  direction  is  going  to  prove  the  most  productive 
because  the  transport  terms  (which  would  be  better  captured  with  a  third-moment  closure)  are  not  really 
the  most  influential  in  the  second-moment  equations.  Somebody  said  to  me  (I  think  maybe  It  was  Philippe 
Spalart)  that  around  Stanford  they  are  saying  we  ought  to  solve  transport  equations  for  all  the  components 
of  the  dissipation  tensor.  I  am  not  too  optimistic  about  doing  that  either;  it  seems  a  great  expenditure 
of  effort  for  a  little  return.  I  acknowledge  that  the  dissipation  tensor  is  probably  not  as  isotropic  as 
we  tend  to  assume,  but  I  see  algebraic  ways  of  accounting  for  that.  What  about  split-spectrum  modelling? 
Models  at  this  level  seem  in  consonance  with  some  of  the  ideas  that  Geoff  Lilley  was  putting  forward:  the 
idea  that  one  acknowledges  explicitly  the  loose  coupling  between  the  larger  scale  eddies  and  those  eddies 
of  somewhat  smaller  scale  (but  which  still  contain  a  significant  amount  of  energy).  Schiestel  and  others 
have  developed  models  along  these  lines,  but  they  have  never  really  taken  off  in  the  past.  1  think  this 
has  been  because  we  have  been  unable  to  find  problems  where  their  performance  was  significantly  better 
than  obtained  with  models  that  take  the  whole  spectrum  in  one  bite.  Some  of  the  types  of  flow  we  have 
heard  of  at  this  conference,  for  example  that  downstream  of  a  LF.BU  device  where  one  is  injecting  into  an 
existing  large-scale  structure  much  finer  gain  turbulence,  may  well  benefit  from  split -spectrum 
modelling.  What  seems  quite  likely  is  that  for  the  great  majority  of  flows  one  probably  won't  want  to  go 
beyond  the  second-moment  level;  however,  to  capture  certain  classes  of  flows  and  phenomena,  special 
purpose  models  will  be  evolved.  For  example,  should  we  try  to  acknowledge  intermittency?  It  seems  to  me 
the  non-recognition  of  intermittency  is  quite  a  big  hole  in  calculating  many  free  shear  flows.  What  we 
might  do  is  to  refine  Paul  Libby's  approach  of  a  few  years  ago  of  developing  a  transport  equation  for  the 
intermittency  itself;  or  perhaps  of  adopting  PDF  approaches  which  provide  something  of  the  same 
information.  I  assur-  you,  so  far  as  I  am  concerned,  there  has  been  no  collusion  with  the  other  speakers 
here;  but  the  last  point  (on  my  viewgraph)  is  "Whatever  happened  to  large-eddy  simulation?"  -  -  an  echo 
of  one  of  the  points  on  Prof.  Lilley's  viewgraphs.  It  seems  to  me  that  the  Stanford -Ames  group  which  did 
so  much  pioneering  work  in  that  area  -  since  it  has  been  able  to  do  full  simulations  -  seems  to  have 
entirely  lost  Interest  in  large-eddy  simulation.  I  had  written  this  panel  before  we  heard  Marcel 
Lesieur's  calk  this  morning  and  his  very  impressive  large-eddy  simulations  of  the  mixing  layer  were  thus 
not  to  hand.  Perhaps  it  is  that  the  views  of  those  taking  very  different  approaches  to  turbulence  are 
indeed  converging.  I  would  finally  comment  that  split-spectrum  modelling  provides  a  natural  linkage  with 
sub-grid-scale  models  because  the  model  for  the  finer  scale  eddies  (in  a  split-spectrum  model)  Is  likely 
to  have  strong  linkages  with  improved  sub-grid-scale  models. 

Marcel  Lesieur,  Grenoble 

In  your  very  nice  presentation,  you  didn't  mention  what  is  called  two-point  closure  modelling.  These 
cisoures  are  different  in  nature  from  one  point  closure  modelling  and  cannot  be  directly  applied  to 
Industrial  turbulent  flows,  but  two-point  closureslike  EDQNM  (or  DIA,  or  Test  Field  Model)  have  proved 
extremely  useful  In  the  past  to  understand  the  non-linear  physics  of  turbulence  (kinetic  energy  transfers 
between  scales  in  isotropic  turbulence,  or  existence  of  cascades  such  as  the  Kolmolgorov  cascade  or 
inverse  cascades  in  2-d  turbulence).  They  allow  us  to  solve  analytically  problems  which  are  difficult, 
such  as  decay  of  kinetic  energy  or  scalar  variance.  You  need  these  informations  in  your  modellings.  They 
also  provided  very  interesting  analytical  models  of  singularities  for  Navier  Stokes  equations  in  the 
lnviscid  limit  in  3-d,  and  they  can  serve  as  efficient  sub-grid  scale  parameterizations  for  large-eddy 
simulations  if  you  assume  that  the  small  scales  are  not  too  far  from  isotropy.  So,  I  think  that,  in  a 
presentation  devoted  to  the  modelling  of  turbulence,  you  absolutely  cannot  forget  tnis  type  of  modelling, 
even  if  one  has  in  mind  industrial  applications. 

Prof.  Launder 

Thank  you  for  remedying  that  acknowledged  omission.  I  am  glad  you  have  raised  this  point  because  it 
provides  an  opportunity  for  clarifying  what  is  the  relative  cost  of  a  two-point  closure  and  a  direct 
simulation.  Can  you  give  some  figures  for  that? 

M.  Lesieur 

Maybe  I  was  not  clear.  I  didn't  say  that  two  point  closure  modelling  could  be  used  as  a  tool  of 
prediction  for  industrial  flows.  I  think  that  It  is  a  step  beyond.  I  said  that  they  are  the  only  fully 
non-linear  analytical  tool  which  allows  us  to  understand  the  dynamics  of  a  mainly  isotropic  turbulence. 

For  homogeneous  turbulence  it  is  more  complicated.  I  agree  totally  with  you  that  in  the  anisotropic  case 
it  is  very  expensive.  On  the  contrary,  the  isotropic  case  is  cheap.  You  can  reach  huge  Reynolds  numbers 
on  any  kind  of  computer.  For  non-isotropic  situations  the  cost  can  be  the  same  as  a  large  eddy 
simulation.  This  is  why  when  I  am  in  front  of  a  non-i sotropic  or  non-horoogeneous  flow  I  prefer  to  use 
large-eddy  simulations.  In  these  large-eddy  efmula’’ i""c,  I  use  fwo  point  closures  to  model  the  small 
scales.  I  can  tell  you  that  all  my  present  understanding  of  the  physics  of  turbulence  in  the  small  scales 
came  from  these  two-point  closures.  This  kind  of  large-eddy  simulation  I  advocate  shares  both  conditions 
which  were  stressed  by  previous  speakers  to  be  very  important:  the  first  one  is  that,  in  the  large 
scales,  you  describe  correctly  all  the  coherent  structures  which  come  from  instability  mechanisms;  the 
second  one  is  to  model  the  Kolmogorov  cascade  in  the  subgrid  scales.  My  aim  was  not  to  criticize 
one-point  closure  modelling:  the  two-point  closure  modelling  is,  to  me,  a  different,  necessary  and 
complementary  approach. 
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Prof.  Bogdonoff,  Princeton 

Brian  would  you  like  to  make  some  comment  about  the  future  applied  to  higher  Mach  numbers?  Practically 
all  of  the  work  that  has  been  presented  here  and  much  of  the  work  around  the  world  concentrates  on  what  I 
consider  "low  speed  flows",  where  parameters  like  streamline  curvature  are  not  very  large.  The  gradients 
are  really  not  very  large.  As  you  increase  the  Mach  number  into  the  supersonic  or  hypersonic  regime,  you 
will  find  much  stronger  gradients  and  much  more  streamline  curvature  than  most  of  the  discussions  which 
have  taken  place  thus  far.  I  suggest  that  the  tests  of  many  of  the  concepts  which  we  have  heard  so  much 
about  tne  last  few  days  will,  in  my  mind,  be  really  realized  only  when  you  try  to  apply  some  of  these 
concepts  to  some  really  critical  flows:  very  strong  in-plane  curvature,  very  strong  gradients,  and  rather 
complex  flows.  I  am  concerned  that  most  of  the  modelling  which  is  clearly  3-d  takes  place  in  a  flow  field 
which  is  primarily  2-d,  and  the  very  strong  shears,  the  very  strong  variation  in  flow  angles  that  we  find 
in  supersonic  flows  may  conceivably  change  this  structure  in  a  very  major  way.  Do  you  have  some  comments 
about  this  projection  to  the  future? 

Prof.  Launder 

I  don't  really  think  I  can  look  very  far  ahead.  The  reason  I  advocated  full  simulations  of  some  critical 
very  high  Mach  number  test  cases  is  that  I  am  quite  sure  that  current  models,  even  including 
compressibility  effects,  will  be  found  inadequate;  I  see  those  as  helping  us  along.  Your  comments  have 
reminded  me  just  how  strong  curvature  effects  may  be  in  supersonic  flows.  But,  here  again,  perhaps  one 
can  devise  simpler  sub-sonic  experiments  which  will  test  some  of  those  features;  for  example,  curvature  is 
really  the  ratio  of  shear  layer  thickness  to  the  radius  of  curvature  and  one  can,  let  us  say,  create  a 
free  shear  flow  and  put  that  through  a  very  tight  curve.  I  can  see  that  you  are  shaking  your  head.  You 
are  thinking  of  corner  flows  where  a  supersonic  flow  just  instantaneously  changes  direction? 

Prof.  Bogdonoff 

I  was  particularly  referring  to  the  shock  wave  boundary  layer  model  that  I  showed  where  the  surface  flow 
changes  60  -  70  degrees  in  a  fraction  of  a  boundary  layer  thickness.  That  is  not  something  which  I  have 
seen  in  sub-sonic  flows  at  all. 

Prof.  Launder 

I  think  for  this  case,  because  the  change  is  so  immediate,  that  rapid-distortion  theory  ought  to  provide 
the  kind  of  insights  we  need.  I  don't  know  if  there  is  a  supersonic  rapid-distortion  theory,  but  if  there 
isn't  perhaps  one  will  be  developed. 

Prof.  Papailiou 

Both  Prof,  lilley  and  yourself  referred  to  the  double  structure  of  turbulence  and  the  loose  connection 
between  the  large  scale  structure  and  the  smaller  scale  structure  and  I  wonder  how  loose  this  connection 
is  because  of  the  fact  that  both  the  growth  and  the  decay  of  the  large  scales  depends  not  only  on  the 
shear  field  but  also  the  interaction  of  the  two  kinds  of  structures.  So  I  don’t  know  when  people  make 
models,  in  which  they  superimpose  linearly  the  one  field  on  the  other,  how  much  close  to  reality  they  are. 

Prof.  Launder 

I  don't  think  there  exist  quantitatively  accurate  models  for  the  connection  between  the  large  and  small 
scales.  In  the  so-called  split-spectrum  approach  one  is  essentially  thinking  in  terms  of  a  plumbing 
analogy  in  which  large-scale  motions  are  represented  as  fluid  in  a  tank  which  is  connected  by  way  of  some 
valve  to  a  tank  at  a  somewhat  lower  level  containing  "medium-scale"  fluid.  Fluid  passes  from  the 
large-scale  to  the  medium-scale  tank  and  eventually  leaks  out  from  the  latter  as  "dissipation”.  The 
question  is  what  are  the  physics  of  that  valve  system?  You  are  saying  that  that  is  not  your  question? 

Prof.  Papailiou 

Not  only  the  valve,  but  I  believe  that  there  is  another  branch  going  from  down  to  up  again. 

Prof,  launder  (drawing  on  viewgraph) 

So  this  is  the  Papailiou  plumbing  extension  here,  right  with  a  little  pump  in  here  that  can  pump  back 
fluid  from  the  medium-  to  the  large-scale  tank.  Well,  I  am  quite  sure  that  is  the  case  if  one  puts  a  lot 
of  fine  grained  turbulence  into  a  large-scale  structure.  Part  of  that  fine  grained  turbulence  will  become 
large-scale  turbulence,  so  it  is  clear  that  In  general  one  should  have  a  mechanism  for  achieving  some  kind 
of  transfer  back  up  the  energy  spectrum.  It  is  the  physics  of  that  whole  process  that  is  not  understood. 

I  can't  elaborate  on  what  tests  one  might  do  to  clarify  it;  certainly,  the  accuracy  of  one's 
split-spectrum  model  will  depend  on  the  accuracy  with  which  that  physics  is  captured. 

Dr.  Spalart 

First  I  would  like  to  say  that  the  Eij  equation  was  proposed  by  Ha-Minh  in  Toulouse,  Vandromme  in  Rouen 
and  Kollmann  at  UC  Davis,  not  by  Stanford  people.  Then  I  would  like  to  answer  your  question  of  what 
happened  to  LES.  A  lot  of  people  have  been  advocating  LES,  it  Is  more  elegant,  but  I  would  like  to  point 
out  that  an  LES  at  high  Reynolds  numbers  is  no  cheaper  than  a  direct  simulation  at  low  Reynolds  numbers, 
because  you  are  going  to  use  about  the  same  range  of  scales.  LES  is  also  more  difficult  technically.  The 
point  is  that  the  large  non-uni versal  eddies  that  are  so  hard  to  model  are  not  very  Reynolds  number 
dependent.  So  ay  provocative  conclusion  1b  that  to  reach  perfection  in  industrial  flows,  flight  Reynolds 
numbers  and  so  on,  you  will  need  LES,  but  for  fundamental  research  and  study  of  out-of-equilibrium 
effects,  swirling  and  so  on,  direct  simulation  is  going  to  be  just  as  useful. 

Prof.  Launder 

Could  I  just  respond  by  saying  that  oy  remarks  about  LES  were  in  connection  with  its  use  in  industrial 
flows.  Surely  the  costs  there  will  depend  upon  the  accuracy  of  one's  sub-grid-scale  model.  The  worse 
your  sub-grid-scale  model  the  higher  wave  numbers  you  have  got  to  extend  your  direct  simulation  to.  I 
think  I  remember  some  work  at  Stanford,  probably  7  or  8  years  ago,  where  they  correlated  the  accuracy  of 
the  sub-grid-scale  models,  (a  very  nice  piece  of  work)  by  successively  refining  the  mesh.  The  correlation 
coefficients  were  awfully  small,  if  I  remember  right,  between  the  correct  sub-grid-scale  stresses  and  the 
predicted  ones.  I  think  that  there  is  a  lot  of  room  for  research  aimed  at  raising  that  correlation 
coefficient. 
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Prof.  Young 

I  think  that  in  view  of  the  time,  we  must  close  this  session.  Prof.  Lilley  set  out  what  he  interpreted  as 
the  goals  for  this  meeting.  Although  goals  are  never  entirely  met,  we  have  gone  a  long  way  and  speaking 
for  myself,  I  ha-e  enjoyed  this  meeting  very  much.  The  way  in  which  the  state-of-the-art  has  been 
formulated  for  everybody  to  appreciate  where  we  have  got  to  and  also  the  way  in  which  we  have  had  these 
future  problems  set  out  for  us  by  the  various  speakers  have  been  very  helpful,  and  I  hope  that  as  a  result 
the  meeting  will  be  fruitful  for  future  research.  It  only  remains  for  me  to  thank  all  the  speakers  and  in 
particular  those  who  have  given  invited  lectures  and  were  persuaded  in  various  ways  to  come  and  add  their 
comments  this  morning.  I  am  most  grateful  to  all  of  them.  Now  my  last  task  is  to  ask  our  Chairman,  Derek 
Peckham  to  close  the  meeting. 

Mr.  Derek  Peckham 

Thank  you  Professor  Young.  It  is  now  time  to  bring  this  Symposium  to  a  close.  I  hope  you  have  found  it 
both  informative  and  stimulating  and  that  you  will  return  to  your  laboratories  with  a  clearer  picture  of 
the  physical  aspects  of  three-dimensional  flows  that  need  to  be  taken  into  account  in  your  CFD  methods  for 
design  and  performance  estimation.  Professor  Young,  just  a  moment  ago,  thanked  the  speakers  for  their 
presentations.  I  would  like  to  do  that  also,  and  to  thank  you,  the  audience,  for  your  active 
participation.  Thank  you  very  much. 

Also  on  your  behalf,  I  would  like  to  thank  the  Program  Committee  for  their  efforts  in  organizing  this 
meeting,  and  in  particular  the  co-chairmen  of  the  Program  Committee,  Professor  Young  and  Professor 
Roshotko  and  Professor  Lilley  for  acting  as  technical  evaluator.  Thank  you  very  much. 

“ext  I  would  like  to  thank  our  Turkish  hosts,  in  particular,  Colonel  Kaya  for  opening  the  meeting  on 
Monday,  together  with  Professor  Kaftanoglu  for  his  welcoming  speech.  Also  our  panel  member  from  Turkey, 
in  particular,  Professor  Ciray  who  has  done  so  much  over  the  last  year  or  so,  let  alone  this  week,  to 
ensure  that  our  meeting  here  has  been  so  successful  and  enjoyable. 

The  smooth  running  of  the  meeting  depends  very  much  on  our  Panel  Executive,  Mike  Fischer  and  his  secretary 
Anne-Marie  Rivault,  together  with  many  Turkish  personnel  from  professor  Ciray 's  Middle  East  Technical 
University,  who  have  helped  during  the  week  on  administration  support  and  also  the  technicians  who  have 
operated  the  projection  and  sound  equipment  for  you.  I  invite  you  in  joining  me  in  thanking  all  of  these 
people. 

These  meetings  would  not  be  possible  without  our  three  hard-working  interpreters  back  in  the  booth  here, 
who  have  done  us  so  proud  here  during  the  week,  and  I  would  like  to  thank  on  your  behalf,  Mrs.  Celie,  Mrs. 
Waudby  and  Monsieur  Lenormand. 

I  would  like  to  conclude  with  some  advertising  for  our  future  program.  Next  year  in  Norway  in  May  we  have 
two  Specialists  meetings,  one  on  Computational  Methods  for  Aerodynamic  Design,  (Inverse)  and  Optimization 
and  the  second  Specialist  meeting  on  Application  of  Mesh  Generation  to  Complex  3-D  Configurations.  In 
October  1989  we  will  be  in  Spain  when  the  Symposium  subjects  will  be  Aerodynamics  of  Combat  Aircraft 
Controls  and  of  Ground  Effects.  I  hope  that  we  will  see  many  of  you  at  these  meetings. 
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